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Abstract
With the rapid progress of nanotechnologies, there are two developing trends for the next
generation of sensors: miniaturization and multi-functionality. Device miniaturization requires
less power consumption, or even self-powered system. Multi-functional devices are usually
based on multi-property coupling effects. Piezoelectric semiconductors have been considered to
be potential candidates for self-powered/multi-functional devices due to their piezotronic
coupling effect. In this dissertation, ZnO and CdSe nanowire arrays have been synthesized as the
piezoelectric semiconductor materials to develop the following self-powered/multi-functional
sensors: (1) self-powered gas sensors of ZnO/SnO2, ZnO/In2O3, ZnO/WO3 and CdSe nanowire
arrays have been assembled. All these gas sensors are capable of detecting oxidizing gas and
reducing gas without any external power supply owing to piezotronic effect which can convert
mechanical energies to electrical energy to power the sensors; (2) a self-powered ZnO/ZnSe
core/shell nanowire array photodetector has been fabricated. This photodetector is able to detect
the entire range of the visible spectrum as well as UV light because of its type II heterostructure.
The absolute sensitivity and the percentage change in responsivity of the photodetector were
significantly enhanced resulting from the piezo-phototronic effect. The photodetector also
exhibited self-powered photodetection behavior; (3) three dimensional nanowire arrays, such as
ZnO and ZnO/Co3O4, have been synthesized to investigate piezo-magnetotronic and piezophoto-magnetotronic effects. Under magnetic field, the magnetic-induced current of ZnO
nanowire array decreased as magnetic field increased, and the current difference was magnified
by one order of magnitude caused by piezo-magnetotronic effect through applying a stress. In
contrast, under UV light illumination, the current response increased with an increment of
magnetic field. The current difference was enhanced by at least two orders of magnitude
xi

attributed to piezo-photo-magnetotronic effect. Furthermore, ZnO/Co3O4 core/shell structure was
employed to further improve the magnetic-induced current difference. This phenomenon projects
a potential for multi-functional piezo-magnetotronic and piezo-photo-magnetotronic device
development.

Keywords: Piezotronic, Piezo-phototronic, Piezo-magnetotronic, Piezo-photo-magnetotronic,
self-powered, nanowire array, gas sensor, photodetector.
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Chapter 1 Introduction
1.1 Piezoelectricity
The word piezoelectricity is derived from the Greek, meaning electricity resulting from
pressure and heat. It is used to describe a reversible ability of certain dielectric materials in
which the electric charge accumulates on their surfaces as a result of applying a mechanical
stress, or vice versa.1 Piezoelectricity is a linear electromechanical interaction between the
induced charges and the applied mechanical stress. It was first discovered by French physicists
Jacques and Pierre Curie in 1880.2 After that, it has been further studied in laboratories for the
next few decades. Its first practical application as a piezoelectric device3 was developed during
World War I, which attracted intense attention and accelerated its development. Over the past
few decades, innovative piezoelectric materials have been explored4–7 and widely employed in
ultrasonic transducers,8 electromechanical sensors,9 actuators10 and piezoelectric resonators11.
However, these piezoelectric materials are electrical insulating materials and are relatively
useless for electronics because the modern electronics of silicon-based complementary metal–
oxide–semiconductor (CMOS) technology requires direct control of the operation of CMOS by
electrical driven charge and/or mechanical action. Instead, piezoelectric semiconducting
materials with an asymmetric wurtzite structure are the optimal choice for the modern electronics
since they can generate an electric signal according to mechanical action.
The first groundbreaking research of piezoelectricity in semiconductor was the invention
of piezoelectric nanogenerator based on ZnO nanowire (NW) array by Prof. Zhong Lin Wang in
2006,12 which explored a novel approach for generating electric energy resulting from
mechanical energy on nano-scale level. ZnO, as a well-known II-VI group metal oxide
semiconductor, has both semiconducting and piezoelectric properties resulting from its
1

asymmetric wurtzite crystal structure.13 Wurtzite crystal structure has a hexagonal architecture
with a huge anisotropic property in directions of perpendicular and parallel to the c-axis direction
where the Zn2+ cations and O2- anions are tetrahedrally coordinated and the cation center
overlaps with the anion center.14 When a mechanic stress is applied on the tetrahedron, the
centers of the positive ions and negative ions are relatively displaced which generates a dipole
moment as shown in Figure 1.1a.15 The sum total of all the dipole moments by all the molecular
units along the nanowire gives rise to a macroscopic potential difference along the straining
direction which is called piezoelectric potential (piezopotential). Piezopotential, induced by the
mechanical deformation, is capable of forcing the free electrons to flow in the external circuit
which is the fundamental of the piezoelectronics.16 Figure 1.1b displays the distribution of
piezopotential along a c-axis ZnO NW under axial strain and transverse strain calculated by
numerical methods. Under axial strain, the piezopotential of the NW continuously
increases/decreases from one end to the other because the electrons flow from one end to the
other and the electron energy reversely continuously decreases/increases. In a transversely
deformed NW, the piezopotential increases/decreases from one side to the other when the
electrons flow from one side to the other and the electron energy reversely continuously
decreases/increases from one side to the other.

2

Figure 1.1 Piezopotential in a wurtzite-structured ZnO nanowire. (a) Atomic model of the ZnO with wurtzite crystal.
(b) The calculated distribution of the piezopotential along a ZnO NW under axial strain (left) and transverse strain
(right). The color gradient represents the distribution of piezopotential in which red indicates positive piezopotential
and blue indicates negative piezopotential (Adapted with permission from reference 15).

1.2 Piezotronic Effect
Piezotronic effect is a two-way coupling effect between piezoelectricity and
semiconductor properties in semiconductor materials with asymmetric crystal structure. It is
using the strain-induced piezopotential in semiconductors as a “gate” voltage to tune/control the
charge carrier transport properties.15 The strain-induced piezopotential generation and
redistribution of free charge carries is able to modify the local Schottky-barrier height (SBH)
between the piezoelectric semiconductor and the metal electrodes or the energy bands near the
3

interface of p-n junction, and then to further control charge carrier transport across metalsemiconductor (M-S) barrier or p-n junction. This effect in M-S contact and p-n junction and its
applications will be described in details to quantitatively understand the piezotronic effect.

1.2.1 Piezotronic Effect on Metal-Semiconductor Contact

Figure 1.2 Schematic of energy diagram of the metal-semiconductor contact under the piezopotential. (a) The
negative piezopotential is induced at the interface and increases the local SBH. (b) The positive piezoelectric
polarization ionic charges are accumulated at the interface and decrease the local SBH. The color gradients present
the distribution of the piezopotential, in which red indicates positive piezopotential and blue indicates negative
piezopotential (Adapted with permission from reference 15).

The metal-semiconductor (M-S) contact is one of the fundamental contacts in electronics
and optoelectronics, which can significantly redistribute the charge carriers between an M-S
interface because the bands of the metal overlaps with that of the semiconductor. When a metal
contacts a semiconductor, an M-S interface will be formed. Fermi levels on both the metal and
the semiconductor must be aligned to reach a new thermal equilibrium, resulting in a net charge
carrier flow at the M-S interface.17 Electrons will transfer from the semiconductor (for the n-type
semiconductor) into the metal if the work function of the metal is appreciably larger than the
electron affinity of the semiconductor and thus a depletion region will be created in the

4

semiconductor close to the M-S interface. This depletion area can change the energy bands of the
semiconductor near the interface and then generate a Schottky barrier. Ideally, the SBH equals
the difference of the work function of the metal and the electron affinity of the semiconductor
and determinates the charge carrier transport at the M-S interface. If the external positive bias is
applied on the metal, the current can only pass through the barrier as the bias is larger than a
certain threshold value of Øi.
If the external stress is applied on the piezoelectric semiconductor, piezopotential will be
generated inside the semiconductor. If the negative piezopotential is induced near the M-S
interface, it will force the electrons to flow away from the interface, and thus expand the
depletion region and increase the local SBH of the M-S (Figure 1.2a). If the positive
piezopotential is induced at the M-S interface, the electrons will be attracted to the interface and
thus narrow the depletion region and decrease the local SBH of the M-S contact (Figure 1.2b).
SBH of the M-S contact is directly relative to the transport of charge carriers flowing across the
Schottky barrier. Therefore, the strain-induced piezopotential is capable of significantly and
effectively modifying the characteristics of the M-S contact based on the crystallographic
orientation of the piezoelectric material and the polarity of the applied stress.17 In other words, it
can modulate the local contact characteristics, and consequently, to modify the transport of the
charge carries by controlling the magnitude and direction of the external stress.
Figure 1.3 displays the space charge distribution, electric field and energy band diagram
in the M-S contact with the presence of piezoelectric charges without bias applied by ignoring
surface states and other anomalies, where Wn is the width of the region where ionized donors are
distributed in n type ZnO. When the external stress is applied on ZnO, the induced piezopotential
will change not only the local SBH mentioned above, but also the width of the depletion region.

5

The charge carrier flowing across the M-S contact is dominated by the majority carriers (i.e.,
electrons here) according to the diffusion theory for the Schottky barrier. The saturation current
density (𝐽𝐷0 ) with the absence of the piezoelectric polarization charge can be calculated as below:
𝐽𝐷0 ≈ 𝑞 2 𝐷𝑛 𝑁𝐶 (𝑘𝑇)−1 × √[2𝑞𝑁𝐷 (𝛹bi0 − 𝑉) × 𝜀𝑠−1 ] × 𝑒 −𝑞∅𝐵𝑛0 /(𝑘𝑇)

(1.1)

Where εs is the permittivity of the semiconductor, Dn is the diffusion coefficient for
electrons, NC is the effective density of states in the conduction band, and ND is the donor
concentration in the semiconductor. Ψbi0 and ∅𝐵𝑛0 are the built-in potential and SBH with the
absence of piezoelectric polarization charges, respectively. The saturation current density (J D)
and the current (Jn) under the forward bias can be expressed as
𝐽𝐷 ≈ 𝑞 2 𝐷𝑛 𝑁𝐶 (𝑘𝑇)−1 × √[2𝑞𝑁𝐷 (𝛹bi − 𝑉) × 𝜀𝑠−1 ] × 𝑒 −𝑞∅𝐵𝑛/(𝑘𝑇)
𝐽𝑛 ≈ 𝐽𝐷 × (𝑒 (𝑞𝑉/𝑘𝑇) − 1)

(1.2)
(1.3)

The effect of the piezopotential can be considered as perturbation to the conduction band
edge. The piezopotential-induced change of the effective SBH is derived as ∅𝐵𝑛 = ∅𝐵𝑛0 −
2
(2𝜀𝑠 )−1 , where piezoelectric polarization charges are distributed in the region
𝑞 2 𝜌𝑝𝑖𝑒𝑧𝑜 − 𝑊𝑝𝑖𝑒𝑧𝑜

with a width of Wpiezo near the barrier interface. According to the conventional piezoelectric
theory, the piezoelectric polarization charges occupied region is much smaller than the volume of
the bulk crystal. Therefore, it is reasonable to assume that the piezoelectric polarization charges
are distributed at only the surface region with the zero thickness of the bulk piezoelectric
semiconductor, although it is not true for NW devices. The current density flowing across the MS contact can be expressed as
𝐽𝑛 ≈ 𝐽𝐷0 × 𝑒 𝑞

2𝜌

2
−1
𝑝𝑖𝑒𝑧𝑜 𝑊𝑝𝑖𝑒𝑧𝑜 (2𝑘𝑇𝜀𝑠 )

𝑞𝑉

× 𝑒 (𝑘𝑇−1)

(1.4)

For metal-ZnO NW contact, if the induced strain is s33 along the c-axis of the ZnO NW, a
more specific expression can be rewritten to reflect the effect of piezoelectric polarization
6

charges on M-S contact, the piezoelectric polarization can be expressed as 𝑃𝑧 = 𝑒33 𝑠33 =
𝑞𝜌𝑝𝑖𝑒𝑧𝑜 𝑊𝑝𝑖𝑒𝑧𝑜 , where 𝜌𝑝𝑖𝑒𝑧𝑜 represents the density of created piezoelectric polarization charges
(in units of electron charge). The current density across the M-S contact based on ZnO NW can
be rewritten as
𝐽 ≈ 𝐽𝐷0 × 𝑒 𝑞

2𝑒 𝑠 𝑊
−1
33 33 𝑝𝑖𝑒𝑧𝑜 (2𝑘𝑇𝜀𝑠 )

𝑞𝑉

× 𝑒 (𝑘𝑇−1)

(1.5)

Figure 1.3(a) Space charge distribution; (b) electric field, and (c) energy-band diagram for ideal metalsemiconductor Schottky contacts with the presence of piezoelectric polarization charges at the applied voltage V=0
(thermal equilibrium). The dashed lines indicate the electric field and energy band with the absence of piezoelectric
charges (Adapted with permission from reference 15).

7

It can be concluded that the current flowing across the M-S contact is clearly related to
the magnitude and the polarity of the induced strain. The current decreases when the negative
piezoelectric polarization charges (negative𝜌𝑝𝑖𝑒𝑧𝑜 ) are generated near the local Schottky barrier
due to compressive strain (negative𝑠33 ). A similar conclusion can be drawn when the polarity of
the induced strain is positive due to tensile strain.18

1.2.2 Piezotronic Effect on P-N Junction
The p-n junction is also a common and important fundamental contact in electronics and
optoelectronics. If a p type semiconductor contacts an n type semiconductor, the free charge
carriers (i.e., holes in the p type semiconductor and electrons in the n type semiconductor) tend
to diffuse across the p-n junction to re-balance the local potential to reach a thermal equilibrium.
This process leaves ionized donors and acceptors behind and results in a charge depletion area.
The ionized donors and acceptors in the depletion region will generate an electric field which
forces the free charge carriers to drift reversely until the drift current balances the diffusion
current to reach a new thermal equilibrium. The depletion region is able to largely improve the
piezoelectric effect since this carrier-free region tends to significantly preserve the piezoelectric
polarization charges, instead of being screened by local residual free carriers. To explain it, the
p-n junction is ideally treated as a homojunction where the bandgaps of p and n type materials
are the same, and only the n type material is piezoelectric. When the n type semiconductor is
deformed by the external stress, and if the induced piezopotential near the junction in n type
semiconductor is positive as shown in Figure 1.4a, the positive piezopotential will attract the
electrons to the end of the n type semiconductor near the contact and the electrons will be
trapped or accumulated in the interface, resulting in a dip in the local bands. This dip in the local
profile might be used to modulate the electron-hole recombination rate as well as the mobility
8

and transportation of the charged carriers in the interface, and finally enhance the device
performance. If the induced piezopotential near the junction in n type semiconductor is negative
as shown in Figure 1.4b, the negative piezopotential will force the electrons away from the
interface and increase the depletion region of electrons, which will generate a shoulder in the
local bands. This shoulder in the local bands will suppress the recombination of the electrons and
the holes. Similar conclusion can be made to cases of p type piezoelectric semiconductor in p-n
homojunction.

Figure 1.4 (a) The band diagrams of the p-n junction with and without the effect of positive piezopotential. (b) The
band diagrams of the p-n junction with and without the effect of negative piezopotential. The color gradients present
the distribution of the piezopotential, in which red indicates positive piezopotential and blue indicates negative
piezopotential. The band diagrams for the p–n junction with and without the presence of the piezotronic effect are
shown using the red solid and black dashed curves, respectively. Ef, n and Ef, p are the Fermi levels in n and p type
materials, respectively. E0 and Ei are the vacuum level and intrinsic Fermi level, respectively. The black dots and
empty circles represent the free-charge carriers in the semiconductor. Symbols ‘+’ and ‘–’ represent the ionized
donors and acceptors in respective regions (Adapted with permission from reference 15).

In order to reveal the piezotronic effect in p-n junctions, it is assumed based on Shockley
theory that the p type semiconductor is non-piezoelectric and n type ZnO NW semiconductor is
piezoelectric. If the ZnO NW is compressed along the c-axis, the positive charges are generated
at the ZnO side near the p-n junction. According to the abrupt junction model, the impurity
9

concentration in a p-n junction changes abruptly from the acceptor NA to the donor ND. The
built-in potential is expressed by the following equation:
2
𝛹𝑏𝑖 = 𝑞(2𝜀𝑠 )−1 (𝑁𝐴 𝑊𝐷2𝑝 + 𝜌𝑝𝑖𝑒𝑧𝑜 𝑊𝑝𝑖𝑒𝑧𝑜
+ 𝑁𝐷 𝑊𝐷2𝑁 )

(1.6)

Where ND(x) is the donor concentration, NA(x) is the acceptor concentration, and 𝑊𝐷𝑝 and
𝑊𝐷𝑛 are the depletion layer widths in the p-side and the n-side, respectively.
The above equation 1.6 indicates that the built-in potential can be tuned by the straininduced piezopotential, and the total current density of the device based on this p-n junction is
expressed by the following equation:
𝐽 = 𝐽𝐶0 × 𝑒 𝑞

2𝜌

2
−1
𝑝𝑖𝑒𝑧𝑜 𝑊𝑝𝑖𝑒𝑧𝑜 (2𝑘𝑇𝜀𝑠 )

𝑒 𝑞𝑉(𝑘𝑇)

−1 −1

(1.7)

Where 𝐽𝐶0 is the saturation current density without the piezopotential. This illustrates that
the current flowing across the p-n junction is an exponential function of the density of local
piezoelectric charges and the sign of which depends on the type of strain. The transportation of
the charge carriers across the p-n junction can be significantly tuned by the magnitude and the
sign of the strain (compressive or tensile).18

1.2.3 Applications of Piezotronic Effect
When external mechanical energy is applied on piezoelectric semiconductor, a
piezopotential can be created inside because of the polarization of the non-mobile acceptors and
donors. Considering the fact that the magnitude and the polarity of the strain-induced
piezopotential can be controlled by external mechanical stress, the piezopotential can be applied
as a control signal to effectively modulate the transport characteristics of charge carriers by
controlling the magnitude and the polarity of the induced strain, which is the fundamental
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principle for strain-gated piezotronic devices such as piezotronic diodes,19–23 piezotronic
transistors,24–26 active sensors,27–31 and energy harvesting devices.30–34

Figure 1.5 Changes of transport characteristics of an Ag/ZnO NW/Ag device from symmetric I-V characteristic
(black) to asymmetric rectifying behavior when stretching (red) and compressing (green) the NW (Adapted with
permission from reference 17).

1.2.3.1 Piezotronic Diodes
A simple piezotronic device is a polarity switchable diode. Figure 1.5 displays a ZnO
NW diode which is contacted with two Ag electrodes to form two ZnO-Ag Schottky barriers.
The original symmetric I-V curve of the diode illustrates that the SBHs of the two ZnO-Ag
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contacts are almost same, and it is an equivalent back-to-back Schottky diode. When the ZnO
NW was stretched, a negative piezopotential (presented by blue color in the inset of Figure 1.5)
was generated at the interface of right-hand ZnO-Ag contact which raised the SBH (presented by
a large diode symbol in the inset of Figure 1.5) and a positive piezopotential was generated at the
interface of left-hand ZnO-Ag contact, which was partially screened by free electrons resulting in
an almost unchanged SBH (presented by a small diode symbol in the inset of Figure 1.5). The
current transport was mainly determined by the reverse biased SB. When it was under the
positive bias voltage and the right-hand SB was the reverse biased SB, the current of the diode
significantly decreased. When it was under the negative bias voltage and the left-hand SB was
under reverse biased voltage, the current of the diode was almost same with that of the diode
without straining. When the ZnO NW was compressed, the inverse piezopotential was generated,
resulting in a huge decrement of the current in the negative bias voltage and the almost
unchanged current in the positive bias voltage.
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Figure 1.6 Comparison between a traditional field effect transistor and a strain-gated transistor (Adapted with
permission from reference 15).

1.2.3.2 Piezotronic Transistors
Traditional field effect transistors (FET) shown in Figure 1.6 usually have three terminals:
a source, a drain, and a gate. The gate voltage is applied either from the top of a gate electrode or
from the bottom substrate to control the flow of electrons/holes from the source to the drain by
affecting the size and shape of the conductive channel between the source and the drain of the
FET. Alternatively, piezotronic transistor based on a signal ZnO NW, as shown in Figure 1.6,
has only two terminals: a source and a drain, the gate voltage can be replaced by the straininduced piezopotential along ZnO NWs. The induced inner-crystal piezopotential can act as a
gate voltage to control/tune the charge transport which flows across a metal-semiconductor (M-S)
interface or a p-n junction. This advantage makes it possible to fabricate a high-density NWs
matrix device in electro-mechanical transduction.
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1.2.3.3 Piezotronic Sensors
Sensors are widely used in our daily life and they are usually based on ohmic-contact or
Schottky-contact. The sensitivity of ohmic-contact based sensors depends on the bulk channel
modification by adsorption of surface charged/polar species, and the sensitivity of Schottkycontact based sensors can be tuned by modulating the SBH at the local interface through
adsorption/desorption of the detected charged/polar species, so the sensitivity of Schottkycontact based sensors depends on the SBH. If the SBH is too small, it is insensitive to variation
of adsorbed species, and if the SBH is too large, the current is blocked to flow through the barrier,
therefore, it is important for sensors to optimize the SBH. The piezoelectric semiconductors are
considered as one of the most promising materials for light, gas and biochemical sensing,
because the strain-induced piezopotential inside piezoelectric semiconductors can be utilized to
tune the SBH of metal-semiconductor contact effectively and then to enhance the sensitivity and
improve response time.
1.2.3.4 Energy Harvesting Devices
Miniaturization is one of the major development directions of the modern electronic
technology. However, a miniaturized system is composed of not only a miniaturized device but
also a miniaturized battery. The miniaturized battery significantly limits the lifetime of the
battery, thus the working time of the system. Therefore, it is highly desirable for the system to
explore novel technologies to convert ambient energies, such as mechanical energy, vibrational
energy and hydraulic energy, into electrical energy to power the system without a battery. 37 The
first energy harvesting device based on piezotronic effect is the ZnO NWs nanogenerator (NG).12
Once a stress is applied on piezoelectric materials, a strain-induced piezopotential is generated
and it can drive the free charge carriers in the external load to flow from one end to the other to
14

screen the piezopotential and achieve a new equilibrium, and the transient flow of the charge
carriers results in a current flow.38 Therefore, NGs are able to convert ambient mechanical
energy into electricity, which offers a great potential for self-powered sensing, wireless remote
system, charging batteries and powering small electronic device.39–43

1.3 Piezo-Phototronic Effect
Piezo-phototronic effect was first coined in 201044 which is a three way coupling among
piezoelectricity, semiconductor behavior, and photon excitation characteristics of piezoelectric
semiconductors. When light illuminates on a material which simultaneously has piezoelectricity,
photo excitation and semiconductor properties, numerous photo-induced electron-hole pairs are
generated inside the semiconductor due to its optoelectronic effect. When an external mechanical
stress is applied on the semiconductors, the deform-induced piezoelectric potential is generated
in the piezoelectric material near the M-S Schottky contact or p-n junction, and the localized
piezoelectric polarization charges can drastically tune/control the generation, separation,
recombination and transport of the photo-induced charge carriers in M-S Schottky contact or p-n
junction to significantly improve the performance of optoelectronic devices, this is the
fundamental principle of piezo-phototronics.

1.3.1 Piezo-Phototronic Effect in Optoelectronic Applications
Traditional optoelectronic devices are controlled by electrical signal, however, the
optoelectronic devices based on piezo-phototronic effect use strain-induced piezopotential as the
controlling signal which can be controlled by the external mechanic stress. After its first
application as a ZnO-based UV photodetector in 2010,44 the piezo-phototronic effect has widely
been studied to improve the performance of optoelectronic devices,18,45,46 such as solar cells,47,48
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light emitting diodes (LED),49,50 electrochemical processes,51 and photodetectors,52,53 through
tuning and controlling charge carrier generation, separation, transport, and/or recombination.54
1.3.1.1 Piezo-Phototronic Effect Enhanced Photodetectors
Photodetectors operate on the basis of the separation of photo-induced electron-hole pairs
by Schottky barriers. For photodetectors based on Schottky barrier, the SBH determines its
detecting performance, and its performance can be improved through tuning the SBH. For
instance, the photoresponse of a ZnO-Au ultraviolet (UV) detector can be enhanced by applying
strain-induced piezopotential, which promotes the generation, separation and transport of the
photoexcited electron-hole pairs.55 The photoresponse and sensitivity of this UV detector are
enhanced by 440% and 500%, respectively, when a stress is applied to the ZnO NW.
1.3.1.2 Piezo-Phototronic Effect Enhanced Light-emitting Diodes
The operation of a light-emitting diode (LED) is based on the carrier injection,
recombination and extraction. It is reported that the piezo-phototronic effect can effectively
enhance the external efficiency of a n-type ZnO NW/p-type GaN substrate LED.56 The straininduced piezoelectric potential in the ZnO NW acts as a gate voltage to effectively modulate the
injection, transport and recombination of electron-hole pairs, and the emission intensity and
injection current have been enhanced by a factor of 17 and 4, respectively. The reason is that the
local biased voltage increased due to the band modification caused by piezopotential and the
trapping of free carries at the interface of p-n junction.
1.3.1.3 Piezo-Phototronic Effect Enhanced Solar Cells
Solar cell is one of the most commonly used optoelectronic applications. The electricity
output of solar cell results from the generation, separation, transport of the photon-generated
16

electron-hole pairs at the M-S contact or the interface of the p-n junction. As discussed in the
previous sections, the piezoelectric potential can effectively tune the photon-generated carriers
separation, which can be used to enhance the solar cell performance. It has been demonstrated in
an n-type CdS/p-type Cu2S coaxial NW solar cell.57 The core CdS NW is a piezoelectric
semiconductor with noncentral wurtzite structure. When a stress is applying on CdS NW, the
piezopotential created in the CdS NW has a strong effect on the carrier generation, separation,
recombination and transport, thus improving the performance of the solar cell.

1.4 Overview of This Dissertation
This dissertation includes two major sections. The first section (Chapter 2) focuses on the
synthesis and characterization of three dimensional II-VI piezoelectric semiconductor nanowires
(ZnO and CdSe nanowires). The second section (Chapters 3, 4 and 5) focuses on the applications
of CdSe, ZnO and ZnO-based core/shell nanowires as gas sensor, photodetector, and multifunctional detector. A short description of each chapter is presented as below.
Chapter 2 will address the fabrication methods of three dimensional II-VI piezoelectric
semiconductor nanowires (ZnO and CdSe nanowires). ZnO NW arrays have been grown on
different substrates via different method and their characteristics have been investigated. In
addition, well-aligned CdSe NW arrays have been synthesized via chemical vapor deposition
(CVD) method, and the structure has been studied.
In Chapter 3, gas sensors based on ZnO/SnO2, ZnO/In2O3, ZnO/WO3 core/shell
heterostructures and CdSe NW arrays have been integrated. All these gas sensors can be used to
detect oxidizing gas and reducing gas with/without any external power supply due to piezotronic
effect. Based on these results, the piezopotential created inside ZnO and CdSe NW arrays can be

17

used as self-powered energy source to develop other self-powered systems, such as self-powered
photodetector and self-powered multi-functional device.
In Chapter 4, a high-performance photodetector based on ZnO/ZnSe heterostructure
core/shell nanowire array will be demonstrated, and its performance and self-powered behavior
will be discussed in detail. The photodetector can be used to detect the entire range of the visible
spectrum, from Blue to Red excitation source, as well as UV light. Moreover, the photodetector
can exhibit self-powered photodetection behavior under UV/visible light illumination.
In Chapter 5, the multi-field coupling effects among magnetic field, piezoelectricity and
photoexcitation will be explored in ZnO and ZnO/Co3O4 NW arrays. The magnetic-induced
current response can be magnified by one order and two orders of magnitude due to piezomagnetotronic effect and piezo-photo-magnetotronic effect, respectively. Moreover, ZnO/Co3O4
core/shell heterojunction can largely improve the current response.
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Chapter 2 Synthesis and Characterization of II-VI Piezoelectric
Semiconductor Nanowire Arrays
2.1 Introduction
The past decade has witnessed dramatic advances in the development and applications of
piezotronics based on II-VI wurtzite semiconductors, such as ZnO, CdSe, CdS, ZnS, etc.1–6 The
principles of piezotronics can be applied to both of thin film and NWs, however, the NWs have
better advantages than thin films for the following reasons. First, NWs have much larger surface
area than thin films, so it can provide much more active positions than thin films. Second, NWs
like ZnO NW can be synthesized using a hydrothermal approach at low temperature (lower than
100 °C) on any substrate with any shape and size, but it is difficult to grow high quality single
crystal thin films on any substrate at low temperature. Third, NWs exhibit extremely and unique
characteristics such as much higher elasticity, toughness and robustness than that of thin films
which is easy to crack or fracture even under small strain. Fourth, it is possible to grow NWs
with higher piezoelectric coefficient than thin film.7 Therefore, three-dimensional nanowire
arrays are ideal for piezotronics and piezo-phototronics because they can bear a larger
mechanical strain than thin film. In this thesis, ZnO and CdSe NW arrays are used as
piezoelectric materials.

2.2 Zinc Oxide Nanowire Array
Zinc oxide (ZnO) is a versatile functional II-VI semiconductor and has been widely used
in electronics, optics and photonics owing to its unique physical and chemical properties. The
direct wide band-gap (3.37 eV) nature of ZnO makes it suitable for short wavelength
optoelectronic applications. The high exciton binding energy (60 meV) property guarantees
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efficient excitonic emission at room temperature.8,9 In addition, ZnO is also biocompatible,
biodegradable and biosafe for medical and environmental. Here, in the last few decades, ZnO
NW has received considerable interest with the rise of nanoscience and nanotechnology. ZnO
NW has two main crystal structures: hexagonal wurtzite and cubic zinc blende. ZnO usually
crystallizes in hexagonal wurtzite structure (space group C6mc) with lattice parameters a =
0.3296 and c = 0.52064 nm under general conditions.10 The wurtzite structure of ZnO NW can
be described as a number of alternating planes composed of tetrahedrally coordinated O2- and
Zn2+ stacked alternately along the c-axis as shown in Error! Reference source not found..11
The asymmetric wurtzite structure of ZnO NW results in piezoelectric property, which inherently
generates a piezopotential inside ZnO NW once it is strained.

Figure 2.1 Atomic structure model of wurtzite ZnO nanowire.

Three-dimensional ZnO NW arrays used in this dissertation were synthesized by two
different synthesis methods: hydrothermal method and chemical vapor deposition (CVD) method,
which includes vapor-liquid-solid (VSL) and vapor-solid (VS).8,11,12
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2.2.1 Synthesis of ZnO Nanowire Array via Hydrothermal Method
Hydrothermal method is a type of solution phase synthesis, in which the growth process
is carried out in a liquid solution. The hydrothermal method of growing ZnO nanostructures was
first reported by Andres-Verges et al. However, it was hard to control the fabrication until
Vayssieres et al successfully used this method to control the fabrication of ZnO NWs on glass
and Si substrates by the thermal decomposition of methenamine and zinc nitrate.
In this section, a commercial GaN/sapphire was chosen as the substrate to grow ZnO NW
arrays because the lower lattices mismatch between GaN and ZnO (~1.9%).13 GaN/Al2O3
substrate was first ultrasonically cleaned with acetone, isopropyl alcohol (IPA), and deionized
water in sequence, and dried under a nitrogen flow. The growth solution was prepared by
dissolving Zinc nitrate hexahydrate (Zn(NO3)2•6H2O) (25 mM) and hexamethylenetetramine
(HMT) (25 mM) in deionized water. The substrate was placed upside down on the surface of the
solution in a 50 mL beaker which was sealed and put into an oven and heated up to 80˚C. The
solution was refreshed once every three hours to maintain a constant growth rate. The reactions
occurred following equations:
(CH 2 )6 N4  6H 2O  4 NH3 ( g )  6HCHO( g )

(2.1)

NH3  H 2O  NH 4  OH 

(2.2)

Zn( NO3 )2 
 Zn2  2 NO3

(2.3)

Zn2  2OH   Zn(OH )2

(2.4)

Zn(OH )2  ZnO(s)  H 2O

(2.5)
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Figure 2.2 Attachment of hexamine to the non-polar facets of the zincite crystal allows the growth of the crystal in
the (0001) direction. (a) hexagonal ZnO crystal (b) possible attachment of hexamine on to the non-polar facets
leaving the polar face exposed allowing further crystal growth along the c-direction. (Reproduced with permission
from reference 11).

The role of HMT is to supply the hydroxyl ions. It can be easily hydrolyzed in water and
gradually produces OH− to drive the precipitation reaction (equation 2.1 and 2.2). In addition,
HMT also acts as a buffer as the rate of its hydrolysis increases with decreasing pH and vice
versa. It is reported that the rate of hydrolysis of HMT is independent of the reaction that creates
ZnO demonstrating that HMT does act as a kinetic buffer. Its phase is thermodynamically less
stable in oxide formation and will precipitate out faster. Besides, it was proposed that HMT, as a
long chain polymer and a nonpolar chelating agent, will preferentially attach to the non-polar
facets of the zincite crystal, resulting in cutting off the access of Zn2+ to the non-polar facets and
leaving only the polar (0001) face for epitaxial growth. Therefore, HMT acts as a shape-inducing
polymer surfactant as well. Error! Reference source not found. shows the mechanism of
attachment of hexamine on the nonpolar facets.11 In the start growth stage, Zn (NO3)2 was
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decomposed into Zn2+ and NO3- (equation 2.3). The pH and the concentration of Zn2+ ions are
correlative qualities. The Zn2+ reacted with OH− to form more soluble Zn(OH)2 complexes
(equation 2.4). With the gradual increase in the pH and the decrease in the concentration of the
Zn2+ ions, Zn(OH)2 complexes become thermodynamically unstable and the Zn(OH)2 complexes
precipitated on the substrate will dehydrate to form ZnO nanoparticles (equation 2.5). The
equilibrium of these reactions can be controlled by adjusting the reaction parameters, such as
precursor concentration, growth temperature and growth time. Generally, precursor
concentration determines the ZnO nanowire density. Growth time and temperature control the
ZnO nanowire length and morphology.

Figure 2.3 (a)Top-view and (b) cross-section view FESEM images of vertically aligned ZnO nanowire arrays.

Figure 2.3a and b present the top-view and cross-section view FESEM images of the ZnO
NW arrays. The as grown ZnO NWs are with 100 ~ 300 nm diameters and around 5μm lengths.
All of the nanowires are perpendicularly grown and normal to the GaN/Al2O3 substrate due to
epitaxial growth mechanism.
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2.2.2 Synthesis of ZnO Nanowire Array via Chemical Vapor Deposition
Method
Compared to other growth methods, such as wet chemistry and hydrothermal methods,
chemical vapor deposition has many advantages: (1) the high quality of the NW’s crystallinity is
guaranteed due to the employment of high-temperature and high-vacuum deposition
circumstances, (2) the vapor deposition process was typically used in the conventional thin film
fabrication, therefore understanding of thin film growth methods can be adopted in order to
understand NW growth behaviors, (3) the location, composition, dimension, and organization of
the grown NWs can be controlled by modulation of catalysts, growth sites and precursors in the
vapor deposition processes, (4) vapor deposition of NWs can be used to grow various materials
owing to its broad range of vapor deposition conditions. 14
Generally, the chemical vapor deposition mechanisms of ZnO NW arrays growth can be
divided into two categories: vapor-liquid-solid15,16 with catalysts and vapor-solid without foreign
catalysts.14 The VLS mechanism17 was first proposed by Wagner and Ellis in the 1960s to
explain the growth of Si whiskers using Au as a catalyst, in which the Au acts as a preferred site
for the deposition of vapor precursors to form a liquid alloy droplet. Duan et al. demonstrated a
general VLS process for the synthesis of NW morphology from a wide variety of compound
semiconductor compounds including binary III-V materials (GaAs, GaP, InAs and InP), ternary
III-V compounds (GaAs/P, InAs/P), binary II-VI compounds (ZnS, ZnSe, CdS and CdSe) and
the group I-V compound of SiGe in 2000.18–20,15 In 2004, Wang et al. fabricated vertically
aligned ZnO NWs with hexagonal patters in large size by combining a self-assembly masking
technique with surface epitaxial confinement to control the size and length of NWs. 21
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A typical VLS process contains four successive steps: (1) the vapor phase precursor
transport, (2) the adsorption and desorption of vapor phase precursor at the catalyst surface, (3)
target material diffusion and growth across the liquid alloy catalyst, and (4) precipitation and
epitaxy of solid crystals to form the NW morphology. In this process, a proper metal catalyst is
vital for NW fabrication. In the VSL process, the catalyst (alloy) is in a solid phase that displays
a different sticking probability of precursor molecules, diffusivity of adatoms and phase
transformation behavior of the solid alloy. The size of the catalysts determines the diameter of
the NWs and the size distribution of the applied catalyst colloids also controls the size
distribution of the NWs, as shown in Figure 2.44.14 The catalyst-determined size control requires
minimized lateral growth along the NW side walls, where all of the crystal deposition should
occur only at the catalyst-NW interface. The length of the NWs is controlled by the growth time
under ideal growth conditions.
The fundamental thermodynamics of the catalyzed nucleation and growth of NWs is the
super-saturation and phase separation of catalyst alloy droplets. The metal catalyst can be
rationally chosen from the phase diagram by identifying metals in which the NW component
elements are soluble in the liquid phase but do not form solid compounds more stable than the
desired NW phase. For ZnO NWs growth via a VLS process, the commonly used catalyst is Au.
The liquid droplet catalyst acts as a preferential site for absorption of gas phase reactant and the
nucleation site for ZnO crystallization when the liquid alloy droplet is super-saturated. NW
growth starts after the liquid alloy droplet becomes supersaturated in reactant materials (ZnO)
and continues as long as the catalyst alloy remains in a liquid phase and the reactant is available.
During growth, the catalyst droplet directs the NW’s growth direction and defines the diameter
of the NW. Finally, the growth terminates when the temperature is below the eutectic
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temperature of the catalyst alloy or the reactant is no longer available. As a result, a nanowire
obtained from the VLS process typically has a solid catalyst nanoparticle at its tip with a
diameter comparable to that of the connected NWs.

Figure 2.4 Schematic illustration of the growth of dimension-controlled NWs. (a) The size of catalysts for NW
diameter control. (b) The growth time for NW length control.

Foreign catalyst-assisted VLS are extensively employed in ZnO NW growth to control
the size, density and orientation of NWs, however, the catalysts contamination and the limited
selection of morphologies are the main drawbacks of the foreign-metal-catalyzed growth of ZnO
NWs. Alternatively, ZnO NWs can be synthesized without any foreign catalysts, which offers a
high lattice purity, elimination of unintentional doping and avoiding the poisonous effect of
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metal catalysts. ZnO NW growth without foreign catalysts is complicated and involves various
growth mechanisms.22 Dislocation-driven growth is a popular mechanism in which the
anisotropic NW growth is achieved by preferred deposition at the self-perpetuating spirals of
axial dislocations under low supersaturation.14 Recently, self-catalyzed growth of ZnO NWs on
indium-tin-oxide (ITO)-coated glass substrate was reported, where no foreign catalysts are
applied.23 It provides a new way to grow the ZnO NWs without foreign metal catalysts.
Another typical ZnO NW growth method without using foreign catalysts is vapor-solid
deposition. It is first reported by Pan et al. that the creation of the noncatalyst-synthesized
nanostructures via the thermal evaporation of oxide powers.24 The precursor Zn powders were
heated to a high temperature to be decomposed into Zn vapor and oxygen gas. The
recombination and deposition of Zn and oxygen in the low temperature area formed the ZnO
nanostructure on substrates without using any foreign catalyst. The growth mechanism is
considered a VS process, where the ZnO was directly produced by the solidification of the vapor
state because of the rapid temperature drop at the deposition region. Without the restriction and
contamination of metal catalysts, ZnO can be deposited along any possible facets when the vapor
phase is supersaturated. Different surface energies of substrates and distinct growth rates along
different crystal facets are believed to be the main reasons for the formation of the ZnO
nanostructure morphology.
In order to produce high-purity ZnO NW arrays and avoid the poisonous effect of foreign
catalysts, in this work, the ZnO NW arrays are grown on ITO-coated glass via foreign catalystfree VLS and VS methods.

32

2.2.2.1 ZnO NW Arrays Growth via VLS
The ITO-coated glass (CG801N, Delta Technologies LTD) was chosen as the substrate,
and it was first cleaned by sonicating sequentially in acetone, isopropyl alcohol and deionized
water, respectively. The purity Zn powders (99.9%, metals basis, Alfa Aesar) and the cleaned
ITO glass was put in a horizontal two-zone tube furnace with a length of 70 cm and a diameter of
4 cm as shown in Figure 2.55. The Zn powers were placed in an alumina boat. This boat with Zn
powders was inserted upstream in the center of the left heating zone. The cleaned glass substrate
was then placed downstream in the center of the right heating zone. The whole system was then
pumped for an hour and then purified by purity Ar gas. The Zn powders in the left zone and the
substrate in the right zone were gradually heated up 900 °C and 550 °C at a rate of 10 °C/minute,
respectively. The heating temperature profile is shown in Figure 2.66. A 300 sccm (standard
cubic centimeters per minute) Argon gas was used during the growth process as a carrier gas in
the reaction zone during thermal evaporation. A 40 sccm Oxygen was employed as the reactant
gas which will react with Zn particles to form ZnO NW arrays. The reaction was maintained for
1 hour and then the furnace was cooled down naturally to room temperature. White material
formed on the glass substrate after the evaporation process was completed.

Figure 2.5 Schematic of the set-up used for the growth of ZnO NW arrays by CVD method
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Morphological observation of the as-grown ZnO NW arrays was carried out using a field
emission scanning electron microscopy (FESEM) shown in Figure 2.77a. It displays that the
ZnO NWs are randomly grown out with similar size and its surface is smooth. It is believed that
the growth mechanism of ZnO NW arrays is the multi-prong root growth process in Figure 2.77b.
The liquid droplet is the In-Zn alloy since the eutectic temperature of the In-Zn system is very
low (143.5 °C), which causes Zn vapor to supply sufficient Zn to melt the surface of the ITO thin
film. In multi-prong growth process, more than one NW grows from a single liquid alloy droplet,
which makes NWs grow randomly. In this case, the radius of the NW rw is less than the radius of
the droplet rp, and rw is not determined directly by rp but must be related to other structural
factors such as the curvature of the growth interface and lattice matching between the catalytic
particle and the NW.

Figure 2.6 The heating temperature profiles of the two-zone furnace.

34

Figure 2.7 (a) FESEM images of the as-grown ZnO NW arrays via VLS. (b) The multi-prong root growth process of
ZnO NW arrays.

2.2.2.2 ZnO NW Arrays Growth via catalyst-free VS
In order to grow vertically aligned ZnO NW arrays with hexagonal structure in a large
area, a catalyst-free VS method was used. The growth procedure of VS is same with the VLS
procedure, and the only difference is that a 60 nm thick ZnO thin film was sputtered on a cleaned
ITO glass as seed layer before it was placed into the furnace. The sputtered ZnO seed layer
provides a wetting surface for the nucleation of the Zn droplets and ensures the c-axis growth of
the ZnO NWs.
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Figure 2.8(a) FESEM images of the as-grown ZnO NW array via VS. (b) Schematic diagram of the VS growth
process of ZnO NW arrays. RZn and RO represent the absorption rates of Zn atoms and O atoms in the Zn/ZnO x
droplet, respectively.

Figure 2.8a shows the top-view FESEM images of the as-grown ZnO NW arrays via VS
method. It can be seen that the ZnO NW arrays are perpendicularly grown out with hexagonal tip
and the diameters are in the range of 100-120 nm. The possible growth mechanism of the NW
arrays is schematically illustrated in Figure 2.8b. In general, the growth of ZnO NWs from the
vapor phase will go through two possible steps: (1) the condensation of Zn vapor into the liquid
phase: Zn (g) → Zn (l); and (2) the oxidation of Zn: Zn (l) + O2 (g) → ZnO(s). If the first step is
the rate-limiting step, the condensed Zn will immediately be oxidized by oxygen gas into ZnO,
and it would be considered as a VS deposition process. At the beginning, the Zn vapor is
transported along the Ar carrier gas flowing to the low temperature (550 °C) zone and condensed
from vapor phase into liquid phase, and the Zn liquid droplet acts as the favorable sites for the
absorption of Zn vapor and O2 gas (region I of Figure 2.8b). Herein, RZn and RO present the
absorption rates of Zn atoms and O atoms, respectively. The oxygen flow rate is kept stable
throughout the whole process, the RO can be considered as a constant. In the early stage of the
reaction process, the pressure of the Zn vapor is relatively low, namely RZn < RO, thus the Zn
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liquid droplet will be immediately oxidized into ZnO as a nucleation site (region II of Figure
2.8b). As the reaction proceeds, the pressure of the Zn vapor increases gradually. When it
increases to a certain level, RZn will be equal to or even larger than RO, resulting in the newly
formed droplets. With the absorption of Zn and O, ZnO particles will epitaxially deposit at the
interface of the Zn/ZnOx droplets and the ZnO substrate. ZnO NWs with the same sizes as the
droplets will start to grow. If the condition RZn ≥ RO is satisfied during a period of time with the
stable pressure of the Zn vapor maintained, the NWs will grow continuously with the Zn/ZnOx
droplets (region III of Figure 2.8b). When the pressure of the Zn vapor decreases, the condition
will change to RZn < RO. Under this condition, the Zn/ZnOx droplets will be depleted gradually
(region IV of Figure 2.8b), and the growth of the NWs will follow a VS mechanism.25 It should
be noted that increasing the oxygen flow rate will accelerate the oxidation of the Zn powders and
result in a lower Zn vapor supersaturation. Thus, the large oxygen flow rates (40 sccm in this
experiment) will accelerate the depletion of the catalytic Zn/ZnOx droplets and make the growth
of NWs follow a VS mechanism, which will more readily promote thickness of the NWs due to
the possible transverse growth.26 In addition, the ZnO NWs in the FESEM image of Figure 2.8a
obviously coalesced together at the top, which is the result of the VS transverse growth.

2.2.3 Characterization of ZnO Nanowire Array
The transmission electron microscope (TEM) image (Figure 2.9 a) of a single ZnO NW
with corresponding (Figure 2.9b) indexed selected area electron diffraction (SAED) pattern
demonstrate that ZnO NW is single crystal with wurtzite structure and grows along c-axis. In
order to confirm the element composition of ZnO NWs, an energy dispersive spectroscopy (EDS)
spectrum (Figure 2.9c) was measured. The EDS spectrum of a single ZnO NW reveals the
existence of zinc and oxygen, and the EDS peaks of carbon and copper come from TEM sample
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holder and grid. To further investigate the crystallinity and crystal phase of the pristine ZnO
NWs, XRD spectrum was recorded and exhibited in Figure 2.9d. The XRD spectrum of the
pristine ZnO NWs exhibits a typical XRD pattern for the ZnO NWs with high-purity wurtzite
hexagonal phase where a strong and sharp diffraction peak and several relative weak peaks
appear at around 34.4°, 47.5°, 56.6°, 62.8°and 69.1°, respectively, representing (002), (102),
(110), (103) and (201) planes of the hexagonal structure, which match well with standard
hexagonal ZnO (JCPDS CARD No. 36-1451).

Figure 2.9 (a) TEM image of a single ZnO NW with corresponding (b) SAED pattern and (c) EDS spectrum. (d)
XRD pattern of pristine ZnO NW arrays.

38

2.3 Cadmium Selenide Nanowire Array

Figure 2.10 (a) Schematic crystal structure of CdSe NW along <0001> direction; (b) strain and corresponding
piezopotential distribution on the surface of NW under a bending force 80 nN in COMSOL simulation; (c)
piezopotential distribution under normal force ranging from 100 to 400 nN. Geometry of the NW used in the
simulation is diameter D = 60 nm and length L =250 nm (Adapted with permission from reference 1)

As one of the most important II-VI group semiconductors, cadmium selenide (CdSe)
have been used in a wide range of applications, such as thin-film transistors,27 light-emitting
diodes,28 photovoltaic cells,29 optical memories,30,31 sensors32 and biomedical imaging33, because
of its distinct nonlinear optical properties, luminescent properties, quantum-size effect and the
narrow band gap in visible light range. Recently, CdSe NWs have been significantly studied in
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the optoelectronic field due to its unique opto-electrical properties, a high aspect ratio and
surface to volume ration. Moreover, CdSe NW is a wurtzite structure crystal with non-central
symmetry, a piezopotential can be generated in CdSe NW by applying an external stress because
of the polarization of ions.1 This piezopotential has a strong effect on the charge carrier transport
at the interface/junction due to the simultaneous possession of piezoelectricity and
semiconductor properties, which is the fundamental principle of piezotronic and piezophototronic effects. Therefore, piezoelectric CdSe NWs are used to improve the performance of
optoelectronic devices, such as photodetectors, photocells, solar cells and LEDs.5
The most table crystal structure for CdSe is wurtzite structure with hexagonal unit cells
(space group P63mc). The structure of CdSe can be simply defined as a number of alternating
planes, which are composed of tetrahedrally coordinated Se2- and Cd2+ ions, stacked alternatively
along the c-axis as shown in Figure 2.10a. The red and gray balls present the Cd2+ cations and
Se2- anions, respectively. This structure is composed of repeating tetrahedral units, where the
Cd2+ cations are located in the center while the Se2- anions are on the corners. The tetrahedral
coordination in CdSe results in non-central symmetric structure and thus piezoelectricity. The
positive and negative charge centers overlap under strain-free situations. Once a stress is applied
along the c-axis, the overlapped positive and negative charge centers are relatively displaced,
resulting in a dipole moment along the c-axis. All the dipole moments along the NW can create a
macroscopic piezopotential, as shown in Figure 2.10 b and c. the magnitude of the piezopotential
depends on the deformation of the crystal, and the dielectric constant. Figure 2.10 b and c are the
distribution of the piezopotential along a doping free CdSe NW under different stresses by the
Lippman theory. Figure 2.10b presents the piezopotential distribution when a lateral stress of 80
nN is employed on the top end of NW and the bottom end is fixed and electrically grounded.
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When the lateral stress is applied, CdSe NW is bent. The tensile side shows a positive potential
while the compressive side exhibits a negative potential with the same absolute value. Figure
2.10c illustrates the piezopotential distribution when the NW is compressed by a stress. The top
of the NW presents a negative potential and the bottom of the NW shows a positive potential
with the same amplitude. The amplitude of the negative potential rises as the strain increases
because of further separation of the positive and negative charge centers in the crystal.

2.3.1 Synthesis of CdSe Nanowire Array
One dimensional CdSe nanostructures can be grown by different techniques, such as
thermal evaporation, pulsed laser deposition, chemical electrodeposition and hydrothermal
methods.34–39 Among of all these routes, chemical vapor deposition is the most commonly used
technique to grow CdSe NWs. In this section, CdSe NW arrays were synthesized on muscovite
mica substrate via an Au-catalyzed vapor-liquid-solid growth process.
The schematic of the fabrication procedure of CdSe NW arrays is shown in Figure 2.11.
First, a freshly cleaved muscovite mica substrate (SPI, grade V-5 research quality) was loaded
into an electron beam evaporation system (Kurt J. Lesker, PVD75) for CdSe seed layer
deposition. After being coated with 100 nm CdSe thin film, the mica substrate was transferred to
a sputtering system (Cressington coating system, 308R) for gold catalyst deposition. The
thickness of the Au catalyst was 0.8 nm. CdSe powders (Alfa Aesar, 99.999% purity, metal basis)
were loaded in the alumina crucible as the evaporation material source. The growth was carried
out in a typical thermal evaporation horizontal tube furnace where the CdSe powders were
positioned in the center of the furnace and the mica substrate was sited downstream to collect
CdSe. The furnace was then heated to 750 °C and 160 sccm H2/Ar (8%/92%) gases were
introduced and the whole system was maintained at atmospheric pressure. The samples were
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taken out for characterizations after the experiment completed and the system was cooled to
room temperature.

Figure 2.11 Schematic of the synthesis procedure of CdSe NW arrays.

2.3.2 Characterization of CdSe Nanowire Array
The as-grown CdSe NW arrays were characterized by using a LEO 1530 field emission
scanning electron microscope (FESEM) system and a JEOL 2010 TEM equipped EDS. Figure
2.12a and b are the top-view and tilt-view FESEM images of the as-grown CdSe NW arrays. It
can be seen that CdSe NW arrays grow vertically in a large-area and are separately aligned
normal to the substrate. The density of the NWs is calculated as 5~6 NWs per µm2. The high
magnification inset images show NWs have several micrometers in length and 150-200 nm in
diameter and each NW is terminated with a spherical or semi-spherical Au particles on the tip,
which illuminates the CdSe NW growth is governed by the typical catalyst-assisted VLS growth
mechanism. TEM image and the corresponding SAED pattern of a single CdSe NW are
presented in Figure 2.12c and d, which indicate CdSe have a preferential growth direction along
[0002] direction, and the Au particle is located on the top of the NW.
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Figure 2.12 (a) Top-view and (b) tilt-view FESEM images of CdSe NW arrays. (c) Low magnification TEM image of
a single CdSe NW with corresponding (d) SAED pattern.

XRD patterns of mica substrate and mica with CdSe NW array are shown in Figure 2.13a.
The muscovite mica substrate shows several strong peaks which can be identified as (004), (006),
(008), (0010), (0012) and (0014), indicating the highly crystallinity of the substrate. In contrast,
only two additional diffraction peaks (002 and 004) can be observed from the XRD pattern of the
as-grown CdSe NW array on mica, which illuminates the CdSe NWs are single crystal and grow
along c-axis. The EDS spectrum of a single CdSe NW in Figure 2.13b displays several strong
peaks of Cd and Se, representing the existence of Cd and Se elements. The EDS peaks of carbon
and copper come from TEM sample holder and grid.
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Figure 2.13(a) XRD patterns of mica substrate and CdSe NW array on mica. (b) EDS spectrum of a single CdSe
NW.

2.4 Conclusion
In summary, ZnO NW arrays have been synthesized on different substrates via
hydrothermal method and CVD methods. The growth mechanisms have been discussed and
compared. Vertically aligned ZnO NW arrays have been achieved on GaN/sapphire substrate
through hydrothermal method and ZnO-coated ITO glass through VS method. In contrast, ZnO
NW arrays grown directly on ITO glass exhibited random orientation via VLS method. Their
morphologies and structures have been investigated by comprehensive characterizations. In
addition, CdSe NW array has been synthesized on mica substrate through CVD method. The
vertically grown CdSe NW array exhibits a well alignment. The structural characterization,
element composition, crystallinity and crystal phase of the as-grown CdSe NW have been
studied through using FESEM, TEM, EDS and XRD.
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Chapter 3 Self-Powered Active Gas Sensors Based on Piezotronic
Effect
3.1 Introduction
A gas sensor is defined as a device which can detect the presence of gases in an area
based on interaction between its sensing part and target gases.1 As one of the most important
electronic devices, it has been studied and used for long time since the first gas sensor based on
platinum wire was commercialized in 1923.2 Following extensive demand for better gas sensors,
the first semiconductor gas sensor was reported in 1962.3 After that, the gas sensors based on
semiconductors have been widely investigated and made enormous progress in the last decades.
Currently, gas sensors based on semiconductor, especially semiconducting metal oxide materials,
are becoming increasingly important and are widely utilized in the fields of environmental
monitoring, public security, automotive application, food industry, etc.4–8 The semiconducting
metal oxides are usually extremely sensitive to chemical changes in atmosphere due to their
electronic, chemical and physical properties. Furthermore, they possess several specific
advantages: low cost, easy fabrication, flexibility in production, simplicity of use, etc. 9,10 In the
early period, metal oxide semiconductor gas sensors were often fabricated in the form of thin
film. However, theses thin film sensors have some disadvantages, such as poor sensitivity at low
gas pressures, unstable operation, nonlinear responses, etc., owing to their overheating working
temperature and limited surface-to-volume ratios.

1,2,11,12

With the development of

nanotechnologies, nanostructured metal oxide semiconductors (e.g. nanowires, nanoparticles,
nanobelts) have gained much more attention for their applications in highly sensitive and
selective gas sensors at room temperature because of their high surface-to-volume ratio, huge
surface area and availability of versatile structures.6,8,13,14
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With the rapid progress of mobile technology, high-speed wireless network and
geographical positioning system (GPS), the massively distributed environment monitoring
system becomes possible, which requires the gas sensors to have small size and extremely low
power consumption, even self-powered system.15,16 These requirements motivate scientists to
work hard in the development of self-powered active high performance gas sensors. The
application of piezoelectric semiconductor nanomaterials is able to meet these demands. In order
to power nanodevices and nanosystems, nanogenerators based on piezoelectric semiconductor
NWs, such as ZnO, CdS, CdSe, etc., have been proposed which can convert mechanical energy
into electrical energy due to their unique piezoelectricity and semiconductor properties.6-8
Recently, a self-powered device, named as an active gas sensor,10-15 has been fabricated by
combining nanogenerator with gas sensor. This new type of self-powered active gas sensor uses
the output voltage from the nanogenerator, which is created by the strain-induced ionic
polarization in the piezoelectric semiconducting crystal as either a power source or sensing
signal in response to different gases. This new piezopotential-driven sensing mechanism opens a
new way for the next generation of gas sensors and expands the scope of applications for selfpowered nanosystems.12, 16
In the following sections, two different kinds of piezoelectric semiconductors were used
as self-powered active gas sensors. First one was ZnO NW array grown through hydrothermal
method, and second one was well-aligned CdSe NW array synthesized through CVD method.

3.2 Self-Powered Gas Sensors Based on ZnO/Metal Oxide Core/Shell
Nanowire Arrays
As one of the most commonly used piezoelectric semiconductor materials, ZnO NWs
have been broadly utilized for nanogenerators and nanogenerator-based active sensors due to its
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unique physical and chemical properties. 6-8 For instance, ZnO NWs-based active photodetectors
have been reported in 2012, the output piezoelectric voltage was generated inside ZnO NWs
under different intensities of UV light illumination. Likewise, self-powered ZnO NWs-based
active gas sensors have also been proposed.17 For self-powered gas sensors, the free charge
carrier density inside ZnO NW can be influenced by reducing or oxidizing gas molecules which
are adsorbed on the surface of NW. Moreover, the piezoelectric output of ZnO NW can be
modified by the free charge carriers inside NW, therefore the piezoelectric output of ZnO NW
will be influenced by the target gas. In this way, the piezoelectric output of ZnO NW under
applied stress works not only as a power source but also as a response signal to the target gas. In
other hand, surface modification and heterostructure, such as noble metal-decorated NW,
core/shell structure, p-n junction, have been reported as an effective strategy for traditional metal
oxide semiconductor gas sensors to enhance the sensing performance of gas sensors. Based on
this concept, several self-powered gas sensors based on ZnO NWs were studied, such as Pt/ZnO
NWs self-powered gas sensor,18 CuO/ZnO p-n junction self-powered gas sensor,19 etc. In this
part, ZnO/SnO2, ZnO/In2O3 and ZnO/WO3 core/shell NW arrays have been fabricated to make
self-powered active gas sensors. The heterostructures can adjust the free-carrier density of ZnO
NWs, thus strongly affect the piezoelectric output of the devices.

3.2.1 Synthesis and Characterization of ZnO/Metal Oxide Nanowire Arrays
ZnO NW arrays were grown on GaN/Al2O3 substrate through the hydrothermal method
as mentioned in Chapter 2. In brief, the cleaned 2 × 2 cm2 GaN/ Al2O3 substrate was placed facedown in the precursor solution which was prepared by dissolving Zinc nitrate hexahydrate (25
mM) and hexamethylenetetramine (HMT) (25 mM) in deionized water. The solution was sealed
and heated up to 80˚C for 12 hours. The as-grown ZnO NW array has a ~5µm long as shown in
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Figure 2.3 in Chapter 2, which is long enough in this experiment to avoid a short circuit between
the top and bottom electrodes.
Vacuum magnetron sputtering deposition was chosen for shell layer coating because
coating under vacuum condition can reduce unnecessary contamination and impurities, and the
argon gas can promote the diffusion of deposition species and increase the homogeneity of the
surface coatings. In addition, surface coating on ZnO usually form a polycrystalline structure
induced by the large lattice mismatch of ZnO compared to other metal oxide materials. The grain
boundaries and rough surface of the polycrystalline coating may essentially increase the sensing
performance of the NWs.
After ZnO NW array synthesis, it was loaded in a Lesker PVD75 system to coat the
surface coatings. Shell layers with 50 nm thickness of SnO2, In2O3 and WO3 were sputtered on
the ZnO NW arrays with a deposition rate range of 0.2-0.5 Angstrom/s at room temperature,
respectively. Figure 3.1 shows the FESEM images and the corresponding EDS spectra of
ZnO/SnO2, ZnO/In2O3 and ZnO/WO3. It can be found that the ZnO NWs were fully covered by
the shell layers of SnO2, In2O3 and WO3, and the element peaks in the corresponding EDS
spectra further confirmed coating success.
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Figure 3.1 FESEM images with corresponding EDS spectra of (a) ZnO/SnO 2, (b) ZnO/In2O3 and (c) ZnO/WO3
core/shell NW arrays.

3.2.2 Gas Sensor Fabrication and Measurement Process
Figure 3.2 is the schematic of the fabrication process of ZnO/metal oxide core/shell NW
array self-powered active gas sensors. After shell layer coating, the core/shell NWs were placed
in a cressington 308 R system to deposit bottom electrode. A gold layer with 100 nm thickness
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was sputtered on the corner of the substrate as bottom electrode, and a 100 nm-thick Pt thin layer
was sputtered on a polyester film with a groove density of 1000 grooves/mm (Edmund Optics) as
a top electrode. The flexible polyester film was used to enhance the effective contact between the
top electrode and NWs because the flexibility of the polyester film can guarantee to follow the
height profiles of NWs even NWs had moderate alignment and slight height difference. The Ptcoated polyester film was then placed on top of the NWs and the top and bottom electrodes were
connected to measurement equipment with lead wires. Finally, the whole device was packaged
by Kapton film which further provides a solid contact between NWs and top electrode.

Figure 3.2 Schematic of gas sensor fabrication based on core/shell NW arrays.
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Figure 3.3 Photo image of the homemade gas sensor testing platform.

Figure 3.3 is the homemade gas sensor testing platform. The whole testing system is
fixed on an electrical testing board. The testing system includes three parts: testing chamber, gas
inlet and outlet. The testing chamber is sealed by a flexible and elastic layer of
Polydimethylsiloxane (PDMS) (Dow Corning Sylgard 184 silicone elastomer), and will be
covered by aluminum foil to block light during testing. The testing gases are injected into the
sealed chamber from gas inset by syringe. The gas outlet is connected to a vacuum pump for
purging the chamber and gas sensor. The top and bottom electrodes of gas sensors are connected
to the Sourcemeter keithley 2400 which is connected to a computer. The electrical signal is
continuously monitored during the whole procedure.
The tested gases in this part are NO2 and H2S. The initial concentrations for NO2 and H2S
gases are 2% diluted by N2. All these initial gases will be diluted by using 1 L sealed plastic bags.
The volume of the chamber is around 50 mL. Table 3.1indicates the gas dilution process from
initial 2% to desired concentrations.
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Table 3.1 Dilution process of 2% initial gas. (Chamber size: 50 mL)

Initial
concentration

Process

Pre-diluted
concentration

Process

into chamber
Inject 10 mL
of 2% gas

Inject 0.5 mL of 200 ppm

200 ppm

gas into chamber

into 1L bag

Inject 0.25 mL of 200

200 ppm

concentration
in Chamber

Inject 2.5 mL of 2% gas

2%

2%

Final

ppm gas into chamber

1000 ppm

2 ppm

1 ppm

Inject 10 mL
200 ppm

of 200 ppm
gas into 1L

Inject 12.5 mL of 2 ppm

2 ppm

gas into chamber

500 ppb

bag
Inject 5 mL of 2 ppm gas

2 ppm

into chamber
Inject 2.5 mL of 2 ppm

2 ppm

gas into chamber
Inject 1.25 mL of 2 ppm

2 ppm

gas into chamber
Inject 0.5 mL of 2 ppm

2 ppm

gas into chamber
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200 ppb

100 ppb

50 ppb

20 ppb

3.2.3 Results and Discussion
All the core/shell gas sensors were first used as a traditional gas sensor to detect different
concentrations of NO2 and H2S at 1.5 V bias. Figure 3.4 The sensitivities of gas sensors based on
ZnO/SnO2, ZnO/In2O3 and ZnO/WO3 core/shell NW arrays responding to (a) NO2 and (b) H2S
gases. Sensitivity (S) is one of the important parameters of the gas sensor, which can be defined
as:

𝑆=

𝐼𝑔𝑎𝑠 −𝐼𝑎𝑖𝑟
𝐼𝑎𝑖𝑟

× 100%

(3.1)

Where 𝑆 is the sensitivity, 𝐼𝑔𝑎𝑠 is the output current of the gas sensor when it is exposed
to target gas, and 𝐼𝑎𝑖𝑟 is the current of the sensor in air. It can be observed that all the gas sensors
can detect the ppb (parts per billion) level NO2 and H2S. The ZnO/In2O3 gas sensor has the best
sensitivity to NO2 and H2S gases owing to the intrinsic properties of the sensing materials.

Figure 3.4 The sensitivities of gas sensors based on ZnO/SnO2, ZnO/In2O3 and ZnO/WO3 core/shell NW arrays
responding to (a) NO2 and (b) H2S gases.
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All the gas sensors based on ZnO/SnO2, ZnO/In2O3 and ZnO/WO3 NW arrays were then
measured at 0 V bias in dry air, 1000 ppm (parts-per-million, 10−6) NO2 and 1000 ppm H2S at
room temperature. A 0.2 N compressive stress was repeatedly applied on the gas sensor during
measurement process. The piezoelectric output voltages of ZnO/SnO2 NW array gas sensor are
summarized in Figure 3.5. It can be observed that an average output voltage of ~60 mV was
detected when ZnO/SnO2 NW array gas sensor was measured in dry air under a 0.2 N repeated
stress without any power supplied. After 1000 ppm NO2 was injected into the chamber, the
average output voltage was increased from ~60 mV to ~140 mV, while, after1000 ppm H2S was
injected into the chamber, the average output voltage was decreased from ~140 mV to ~20 mV.

Figure 3.5 Piezoelectric output voltages of ZnO/SnO2 NW array gas sensor in (a) dry air, (b) 1000 ppm NO 2 and (c)
1000 ppm H2S under repeatedly compressive stress at room temperature.

The self-powered sensing mechanism of the ZnO/SnO2 NW arrays gas sensor is shown in
Figure 3.6. The ZnO/SnO2 NWs have two functions: one is an energy supply since the ZnO NWs
can produce piezoelectric output power under deformation; the second is a gas sensor because
the piezoelectric output of ZnO NWs will be influenced by the tested gases. When the sensor is
placed in air without any compressive force (Figure 3.6a), the device is in the natural state
without any piezoelectric output. Besides, oxygen ions (O-) are adsorbed (equation 𝑂2 + 2𝑒 →

57

2𝑂−

(3.2)) at the SnO2 nanograin boundaries and the interface of

SnO2 and ZnO grains, contributing to the enhancement of the surface reactions between adsorbed
oxygen and current-carrying electrons.

Figure 3.6 The working mechanism of the self-powered ZnO/SnO2 NW arrays gas sensor.

ZnO and SnO2 are n-type semiconductors and the electron affinity (χ) of ZnO and SnO2
are -4.3 and -4.5 eV, respectively.24 The direct band gaps of ZnO and SnO2 are 3.4 and 3.6 eV,
respectively. The Fermi energy level of SnO2 is higher than that of ZnO, which is caused by the
different work functions between them. When the SnO2 contact with ZnO, electrons will flow
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from SnO2 into ZnO until the Fermi level on each side reached a new equilibrium. The n-n
heterojunction is formed at the interface between ZnO and SnO2, interface with a depletion layer
building up on the SnO2 side and an accumulation layer building up on the ZnO side. When a
compressive stress is applied on the sensor (Figure 3.6b), a piezoelectric field is created along
ZnO NWs, which will drive the free electrons flowing from the top end of NWs to the bottom
end of NWs. The free electron density of ZnO NWs is low, thus the screening effect is weak,
resulting in a high piezoelectric output voltage (Figure 3.6c). When the gas sensor is exposed to
oxidizing gas, herein is NO2, at room temperature without any applied force (Figure 3.6d), NO2
will also be adsorbed (𝑁𝑂2 + 𝑒 → 𝑁𝑂2−

(3.3)

at

the

SnO2/SnO2 nanograin boundaries and the interface of SnO2 and ZnO grains. The adsorbed NO2
further reduces the free electron density of the ZnO NWs. When a compressive force is applied
on the sensor (Figure 3.6e), a similar piezoelectric field is created along ZnO NWs. the lower
free-electron density inside ZnO NWs makes the screening effect weaker, resulting in a larger
piezoelectric output voltage(Figure 3.6f). When the gas sensor is exposed to reducing gas, herein
is H2S, at room temperature without any applied force (Figure 3.6g), H2S will react with the
adsorbed oxygen and NO2 ions (equation 𝐻2 𝑆 + 3𝑂− → 𝐻2 𝑂 + 𝑆𝑂2 + 3𝑒
(3.4) to release the trapped electrons back to the NWs, resulting in an increment of the
free electron density of ZnO NWs. When a compressive force is applied on the sensor (Figure
3.6h), the strain-induced piezoelectric potential is strongly screened by more free electrons,
resulting in a smaller output voltage (Figure 3.6i).
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𝑂2 + 2𝑒 → 2𝑂−

(3.2)

𝑁𝑂2 + 𝑒 → 𝑁𝑂2−

(3.3)

𝐻2 𝑆 + 3𝑂 − → 𝐻2 𝑂 + 𝑆𝑂2 + 3𝑒

(3.4)

The ZnO/In2O3 and ZnO/WO3 gas sensors were also measured without external power
source under the similar procedure. The output voltages of ZnO/SnO2, ZnO/In2O3 and ZnO/WO3
gas sensors in air, 1000 ppm NO2 and 1000 ppm H2S at room temperature are displayed in
Figure 3.7 and Figure 3.8, respectively. It can be found that both of the ZnO/In2O3 and ZnO/WO3
gas sensors have the similar trend with the ZnO/SnO2 gas sensor, namely the output voltage will
become larger when exposed to oxidizing gas (NO2), but smaller when exposed to reducing gas
(H2S) because they are all n-type semiconductors and have the similar structure, though their
output voltages are different even under the same conditions due to the intrinsic properties of the
sensing materials.

Figure 3.7 Piezoelectric output voltages of ZnO/In2O3 gas sensor in (a) dry air, (b) 1000 ppm NO2 and (c) 1000 ppm
H2S under repeatedly compressive stress at room temperature.
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Figure 3.8 Piezoelectric output voltages of ZnO/WO3 gas sensor in (a) dry air, (b) 1000 ppm NO2 and (c) 1000 ppm
H2S under repeatedly compressive stress at room temperature.

3.2.4 Conclusion
The gas sensors based on ZnO/SnO2, ZnO/In2O3 and ZnO/WO3 core/shell heterostructure
NW arrays have been fabricated. All the sensors could be used to detect oxidizing gas and
reducing gas without any power supply. The self-powered behavior comes from the straininduced ionic polarization in ZnO NWs, which was used as not only the power source but also
the sensing part.

3.3 Self-Powered CdSe Nanowire Array Sensor
II-VI group semiconductor nanomaterials with wurtzite structure have attracted much
interest as building blocks for future self-powered nanosystems since a piezoelectric potential
can be created in the crystal when a stress is applied. This piezopotential can be used to convert
mechanical energy into electrical energy or develop novel electronic devices with much
enhanced performance through controlling the transport behavior of charge carriers,20 which is
called piezotronic effect. In the last decade, ZnO nanostructures have been significantly studied
on the piezotronic-related applications. As one of the commonly used II-VI semiconductors,
CdSe nanostructures (such as thin film, quantum dots) have been broadly used for applications,
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such as light-emitting devices, photovoltaics, nanosensors, gas sensor, etc.,21–26 due to its unique
chemical and physical properties. Recently, CdSe NW has been studied as an attractive potential
candidate to replace ZnO NWs in energy harvesting and piezo-phototronic devices. However,
there are only a few reports on CdSe NWs as piezoelectric materials. In addition, CdSe
nanostructures have been used as selective chemical gas nanosensors for the gas detection, such
as oxygen,27 carbon dioxide,28 ethanol,29 etc., owing to their fluorescence quenching properties
and unique structures. In the next section, a self-powered CdSe NW array gas sensor is proposed.

3.3.1 Gas Sensor Fabrication and Measurement Process
CdSe NW array was synthesized on muscovite mica substrate via CVD method as
described in Chapter 2. Briefly, the freshly cleaved muscovite mica substrate was first coated
with a 100 nm-thick CdSe seed layer via electron-beam evaporation deposition and then
sputtered a 0.8 nm-thick Au catalyst thin film via magnetron sputtering deposition. The as-coated
substrate was loaded into a furnace to grow CdSe NW array via a CVD method.

Figure 3.9 Schematic of gas sensor fabrication based on CdSe NW array.

Figure 3.9 Schematic of gas sensor fabrication based on CdSe NW array. represents the
schematic of gas sensor fabrication based on CdSe NW array. A Poly (methyl methacrylate)
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(PMMA) layer with ~2 µm thickness was first spin-coated on the as-grown CdSe NW array to
provide extra support for NWs and avoid a possible top-bottom electrode short circuit. The
PMMA layer was then placed into a compact tabletop low temperature plasma etching system
(Plasma Prep II) to etch the extra PMMA layer and make sure the tips of CdSe NWs weren’t
covered by PMMA. Finally, a thin layer of platinum (~100 nm) was sputtered on a polyester film
with a groove density of 1000 grooves/mm (Edmund Optics) as a top electrode. The top
electrode was integrated to the CdSe NW array and the whole device was packaged by Kapton
film. The gas sensor is measured inside the homemade gas sensor testing platform (Figure 3.3).
Table 3.2 Dilution process of 2% initial gas. (Chamber size: 50 mL)

Initial

Process

concentration

Pre-diluted

Process

concentration

Final
concentration
in Chamber

2%

Inject 2.5 mL of

1000 ppm

2% gas into
chamber
2%

Inject 100 mL of

2000 ppm

Inject 2.5 mL of

2% gas into 1L

2000 ppm gas

bag

into chamber
2000 ppm

Inject 1.25 mL

100 ppm

50 ppm

of 2000 ppm gas
into chamber
2000 ppm

Inject 100 mL of

200 ppm
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Inject 2.5 mL of

10 ppm

2000 ppm gas

200 ppm gas

into 1L bag

into chamber

The tested gases in this part are NO2 and NH3. The initial concentrations of the gases are
2% diluted by N2. All these initial gases will be diluted by using 1 L sealed plastic bags. The
volume of the chamber is around 50 mL. Table 3.2 indicates the gas dilution process from initial
2% to desired concentrations.

3.3.2 Results and Discussion

Figure 3.10 The sensitivity of CdSe NW array gas sensor responding to (a) NO2 and (b) NH3 gases

First, the CdSe NW array gas sensor was measured as a traditional gas sensor under
different concentrations of NO2 and NH3 at 1.5 V bias. Figure 3.10 The sensitivity of CdSe NW
array gas sensor responding to (a) NO2 and (b) NH3 gases It can be seen that the CdSe NW array
gas sensor can detect ppm level of NO2 and NH3, though the sensitivity is lower than that of gas
sensors based on metal oxide semiconductors. The mechanism of CdSe NW array gas sensor is
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also based on oxygen-adsorption theory. CdSe is an n-type semiconductor, and its electronic
conduction originates from point defects, which suggests Se vacancies or foreign atoms that act
as donors or acceptors. In the dry air, CdSe NWs are expected to adsorb oxygen. The adsorbed
O- traps electrons from the conduction band of CdSe NWs as shown in equation 𝑂2 + 2𝑒 → 2𝑂 −
(3.2), inducing the formation of a depletion layer on the surface of
the CdSe NWs. When it is exposed to oxidizing NO2 gas, NO2 molecules are also adsorbed at the
active sites on the surface of the CdSe nanocrystals (𝑁𝑂2 + 𝑒 → 𝑁𝑂2−
(3.3), resulting in the free electrons inside CdSe NW decrease. When it is exposed to
reducing gas of NH3, the adsorbed oxygen ions on CdSe NWs will take part in the oxidation of
NH3. The oxygen ions on the surface of NWs will react with the NH3 molecules (2𝑁𝐻3 +
3𝑂− → 3𝐻2 𝑂 + 𝑁2 + 3𝑒

(3.5)) and the electrons are released back to

the conduction band of CdSe NWs.
2𝑁𝐻3 + 3𝑂− → 3𝐻2 𝑂 + 𝑁2 + 3𝑒

(3.5)

Figure 3.11 Piezoelectric output voltages of CdSe gas sensor in (a) dry air, (b) 1000 ppm NO 2 and (c) 1000 ppm
NH3 under repeatedly compressive stress at room temperature.
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The CdSe NW array gas sensor was then tested at 0 V bias in dry air, 1000 ppm NO2 and
1000 ppm NH3 at room temperature. Figure 3.11 is the summary of piezoelectric output voltages
of CdSe gas sensor in dry air, 1000 ppm NO2 and 1000 ppm NH3 under repeatedly compressive
stress at room temperature. It can be found that an average output voltage of ~40 mV was gained
when CdSe NW array gas sensor was tested in dry air under a 0.2 N repeated stress without any
power supplied (Figure 3.11a). After 1000 ppm oxidizing gas of NO2 was injected into the
chamber, the average output voltage was increased from ~40 mV to ~85 mV (Figure 3.11b),
while, after 1000 ppm reducing gas of NH3 was injected into the chamber, the average output
voltage was decreased from ~85 mV to ~20 mV (Figure 3.11c). The working principle of its selfpowered behavior is similar with ZnO-based gas sensors. Briefly, when the sensor was
compressed repeatedly in air, a relative high piezoelectric output voltage can be created due to
the piezoelectricity of CdSe NWs (Figure 3.11a). When it is exposed to oxidizing gas, the
adsorbed NO2 molecules further reduces the free electron density of the CdSe NWs, resulting in
a weaker screening effect, and thus higher piezoelectric output voltage (Figure 3.11b). When
reducing gas is introduced, the NH3 will react the adsorbed oxygen and NO2 ions (equation
𝐻2 𝑆 + 3𝑂 − → 𝐻2 𝑂 + 𝑆𝑂2 + 3𝑒

(3.4) to release the trapped electrons

back to the NWs, resulting in the free electron density of CdSe NWs increases, which will create
a stronger screen effect and get a lower piezoelectric output voltage (Figure 3.11c).

3.3.3 Conclusion
In this part, the CdSe NW array gas sensor was fabricated and measured with/without
external power supply. When it is measured at 1.5 V bias, the sensor is able to detect ppm-level
NO2 and NH3. When it is measured without any power supply, it is still able to detect NO2 and
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NH3. Its self-powered performance comes from the strain-induced ionic polarization in CdSe
crystal with wurtzite structure.

3.4 Summary
In this chapter, gas sensors based on ZnO/SnO2, ZnO/In2O3, ZnO/WO3 core/shell
heterostructures and CdSe NW arrays have been integrated. All these gas sensors can be used to
detect oxidizing gas and reducing gas with/without any external power supply. The ZnO/metal
oxide core/shell heterostructure NW array gas sensors can detect ppb-level toxic gases at 1.5 V
bias, and the CdSe NW array gas sensor can detect ppm-level toxic gases at 1.5 V bias, the
different response are mainly due to their different material nature. All these active gas sensors
can be operated without power supply and detect high ppm-level gases due to the non-ideal test
and work conditions. With an understanding of how different gases affect the sensing and selfpowering performance, future studies can focus on optimizing the parameters and perfect the
testing and working conditions. Based on these results, the piezopotential created inside ZnO and
CdSe NW arrays can be used as self-powered energy source to develop other self-powered
systems, such as self-powered photodetector and self-powered multi-functional device.
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Chapter 4 Piezo-Phototronic Effect Enhanced UV/Visible
Photodetector†
4.1 Introduction
Piezo-phototronic effect, a three way coupling among semiconduction, piezoelectricity,
and photon excitation, has attracted much attention since its first application in a ZnO-based UV
photodetector,1 and has widely been applied to enhance the performance of optoelectronic
devices,2–4 such as solar cells,5,6 light emitting diodes,7,8 electrochemical processes,9 and
photodetectors,10,11 through tuning and controlling charge carrier generation, separation,
transport, and/or recombination.12 As an important II-VI semiconductor, one-dimensional ZnO
nanowire has been extensively studied, both theoretically and experimentally,13–16 for
optoelectronic device applications due to its affordability, abundance in nature, and
environmentally friendly fabrication methods. However, ZnO is a wide band gap semiconductor
(~3.4 eV), making it incapable of detecting visible light. To overcome this limitation, one
strategy is to fabricate a heterojunction structure by forming a staggered type II band alignment
where the valence and conduction bands of one semiconductor are lower (or higher) than those
of another semiconductor, enabling efficient separation and transportation of photogenerated
electrons/holes through spatial confinement.17–21 Several type II heterostructures have been
applied to improve the performance of the photodetectors,[10,11,21,22]

which are capable of

____________________________
† This chapter was adapted from: Yan, S.; Rai, S. C.; Zheng, Z.; Alqarni, F.; Bhatt, M.;
Retana, M. A.; Zhou, W. Piezophototronic Effect Enhanced UV/Visible Photodetector Based
on ZnO/ZnSe Heterostructure Core/Shell Nanowire Array and Its Self-Powered Performance.
Adv. Electron. Mater. 2016, 2 (12), 1600242.
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detecting a part of the visible spectrum, however, the detectable maximum wavelength of the
reported photodetectors based on type II heterostructures was only able to reach 548 nm (green
excitation source). In order to detect the complete visible spectrum, integration of ZnO and
ZnSe to form a core/shell type II heterostructure is a promising approach to realize this goal,
because of its lower indirect band gap (~1.84 eV).22
In addition, self-powered devices,23–27 based on piezoelectric materials, have been
demonstrated to effectively power the functional devices, such as photodetectors,28,29 gas and
humidity sensors,30–34 via the harvesting of mechanical energy from the environment, and
ultimately, promote electronic device miniaturization and

innovation. Among them, self-

powered photodetectors, based on the piezo-phototronic effect and powered by the mechanical
strain and/or incident light without applying external bias, can significantly boost their
optoelectronic performance and environmental adaptability.
In this work, we fabricated a UV/visible photodetector based on type II ZnO/ZnSe
heterostructure nanowire array, which was synthesized by a two-step process combining CVD
and pulsed laser deposition (PLD) explicated in the previous literature.22,35 The details of the
ZnO/ZnSe core/shell nanowires growth can be found in the Experimental Section. The
ZnO/ZnSe photodetector can detect the whole region of the visible spectrum as well as UV light
with external bias; its sensitivity and absolute responsivity was enhanced by one order of
magnitude under the application of load and illumination. In addition, the device was also able to
operate under no external bias condition behaving as a self-powered photodetector under
illumination of UV/visible lights.
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4.2 Synthesis of ZnO/ZnSe Core/Shell Nanowire Array
ZnO nanowire array was grown on ZnO coated ITO glass substrate (CG801N, Delta
Technologies LTD) through CVD method as mentioned in Chapter 2. Briefly, ITO coated glass
substrate was first cleaned by sonicating sequentially in acetone, isopropyl alcohol and deionized
water, respectively. Second, 60 nm thick ZnO thin film was sputtered on ITO glass as seed layer,
and then 4 gram of Zn powder (99.9%, metals basis, Alfa Aesar) and the ZnO-coated ITO glass
substrate were sequentially placed at the first and second zone of the furnace. The first and
second zones were heated up to 900 °C and 550 °C under a mixed gas of 300 sccm (standard
cubic centimeters per minute) Argon flow and 40 sccm Oxygen flow. The reaction was
maintained for 1 hour. The furnace was cooled down naturally to room temperature.
The as-synthesized ZnO nanowire array was then transferred to a home-made PLD
system as reported previously.22 A ZnSe target (99.99%, Testbourne Ltd.) and the substrate with
as-synthesized ZnO nanowire array were placed in the center of the furnace at a distance of 3 cm,
and then a Neodymium-doped Yttrium Aluminum Garnet (Nd:YAG) laser was applied to ablate
the ZnSe target for 20 minutes at 500 °C.

4.3 Device Fabrication and Measurement Process
In order to avoid a possible short circuit between top and bottom electrodes, a ~ 2 µm
thick PMMA thin layer was first spin-coated on the as-synthesized ZnO/ZnSe core/shell
nanowire array. A thin layer of silver (~100 nm) was sputtered on a polyester film with a groove
density of 1000 grooves/mm (Edmund Optics) as a top electrode. The top electrode was attached
to the top of the ZnO/ZnSe nanowires as shown in Figure 4.1. The unique zigzag morphology
(inset in Figure 4.1d) can provide an increased nanowire-electrode contact area and better strain
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accommodation. The silver-coated top electrode and ITO bottom electrode were connected to a
2401 source meter (Keithley) through copper leads, respectively. The device was then measured
on the platform of a motorized test stand (Mark-10, ESM301L).

Figure 4.1 Schematic of photodetector fabrication and the measurement process. (a) ZnO nanowire array is grown
on ZnO-coated ITO glass via chemical vapor deposition method. (b) ZnSe is coated on ZnO nanowires through
pulsed laser ablation. (c) The as-synthesized ZnO/ZnSe nanowire array is integrated using Ag-coated polyester as
top electrode. (d) The device and measurement setup. The cross section schematic of the device is shown in the inset.

4.4 Results and Discussion
4.4.1 Structural Characterization
The structural characterization of ZnO/ZnSe nanowire array is represented in Figure 4.2
where Figure 4.2 a and b are top view low-magnification field emission scanning electron
microscope (FESEM) images of the ZnO nanowire array, and ZnO/ZnSe core/shell nanowire
array. It can be seen that the ZnO nanowires are perpendicularly grown out with hexagonal tip
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and the diameters are in the range of 100-120 nm (Figure 4.2a). Figure 4.2b shows that the
previously smooth ZnO nanowire surface has been coated by ZnSe, making the surface
apparently rough and diameter increase by ~40 nm. In order to confirm the core/shell structure,
transmission electron microscopy (TEM) was performed to investigate a single ZnO/ZnSe
core/shell nanowire (Figure 4.2c). The sharp interfaces between core (dark) and shell layer
(bright) demonstrate a full and uniform coverage of ZnSe on ZnO nanowire surface. Energy
dispersive X-ray spectroscopy (EDS) of the single ZnO/ZnSe nanowire (Figure 4.2d) was taken
as further evidence to show core/shell nanowire feature. Based on our previous high resolution
transmission electron microscopy (HRTEM) observation,22 the ZnSe shell layer is zinc blende
structure.

Figure 4.2 Top view FESEM images of (a) ZnO nanowire array, and (b) ZnO/ZnSe core/shell nanowire array, (c)
TEM image of a single ZnO/ZnSe nanowire, and (d) EDS result on the single ZnO/ZnSe nanowire.
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4.4.2 Photodetector Measurement under Different Wavelength Excitation
Sources
To evaluate the device response, the red (625 nm) excitation source with an intensity of
1.80 ×10-3 W/cm2 at 1V bias was employed to measure on-off current response of the
photodetector, as shown in Figure 4.3a. With the light irradiation on, the current of the
photodetector sharply increases from ~287 µA to ~301 µA, and then decreases to ~287 µA when
the light is off. The repeatable and stable switching behavior of the photodetector indicates that
ZnO/ZnSe core/shell type II structure is very promising for visible light detection.

Figure 4.3 (a) The on-off response of the device under red excitation source at 1V bias. (b) Typical I-V measurement
of the photodetector under different excitation sources without load.

The typical current-voltage measurements of the photodetector were further performed in
dark and under illumination of four different wavelength excitation sources, namely, red (625
nm), green (520 nm), blue (465 nm), and UV (385 nm). As seen from Figure 4.3b, the
photocurrent significantly rises with an increase in photon energy from 1.98 eV of red (625 nm)
with an intensity of 1.80 ×10-3W/cm2 to 3.22 eV of UV (385 nm) with an intensity of 1.32 ×10-3
W/cm2. An increase of 168% in photocurrent (~741 µA) from the device under UV (3.22 eV)
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with an intensity of 1.32 ×10-3 W/cm2 illumination is attained, compared to the current in dark
(~277 µA), which is attributed to the enhanced carrier-separation at the ZnO/ZnSe interface and
three transitions resulting from direct band-to-band absorption in ZnO (Eg ~3.2 eV)35 and ZnSe
(Eg ~2.7eV),36 and indirect type II transition between the valence band maxima of ZnSeVBM
(shell) and the conduction band minima of ZnOCBM (core).[38-40] It should be noted that the
photon energies corresponding to red (1.98 eV), green (2.38 eV) and blue (2.67 eV), are lower
than the band gap of ZnO (Eg ~3.2 eV) and ZnSe (Eg ~2.7 eV), and are incapable to promote
direct band-to-band photoexcitation in either core or shell. Therefore, when the device was
irradiated under the red (625 nm), green (520 nm), blue (465 nm) illumination, it is reasonable to
believed that the photocurrent response arises from the indirect type II transition of electrons
between ZnSeVBM (shell) and the ZnOCBM (core).22,37 The peak photocurrents under red (625 nm)
with an intensity of 1.80 ×10-3 W/cm2, green (520 nm) with an intensity of 3.24×10-3 W/cm2, and
blue (465 nm) with an intensity of 3.0 ×10-3 W/cm2 illumination are ~326 µA, ~442 µA and
~536 µA, respectively, which corresponds to an increase of 18% for red (625 nm), 60% for green
(520 nm) and 94% for blue (465 nm) excitation sources as compared to the current in dark (~277
µA).

4.4.3 Photodetector Measurement under Piezo-Phototronic Effect
It has been well reported that piezopotential generated by strain is able to bend the
conduction and valence bands down/up resulting in the increment/decrement in the effective
barrier height.12,28,38 Figure 4.4a displays a typical I-V measurement of the photodetector under
red (625 nm) light illumination and varying compressive loads ranging from 0 N to 2 N, which
was applied by a motorized test stand on the device. The full size of the device is 5 mm × 10 mm
with a working area of 4 mm × 5 mm. It can be observed that the peak photocurrent significantly
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increases proportionally as the compressive load rises, and the peak photocurrent (3.42 mA) at 2
N compressive load is one order of magnitude (~11 times) higher than that (326 µA) at 0 N
compressive load. A similar trend of current increment can be observed from I-V measurements
under illumination of green (~11 times) (Figure 4.4b) and blue (~10 times) (Figure 4.4c) and UV
(10 times) (Figure 4.4d).

Figure 4.4 Typical I-V measurement of the photodetector under varying compressive loads and illumination of (a)
red light, (b) green light, (c) blue light and (d) UV light, respectively
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Figure 4.5 (a) The compressive load dependences of photocurrent response, (b) the sensitivity, (c) the responsivity
and (d) the percentage change in responsivity of the detector with respect to compressive loads under different
wavelength excitation sources from UV to red.

The compressive load dependences of photocurrents (Ilight-Idark) at a bias of 1V are plotted
in Figure 4.5a. It can be seen that the photocurrent increases with the compressive loads under
illumination of red (625 nm), green (520 nm), blue (465 nm) and UV (385 nm) excitation
sources. Additionally, the photocurrents (Ilight-Idark) at the same compressive load inversely
increase with the decrease from the wavelength of the excitation source, which is in agreement
with Figure 4.3b. As an important parameter to determine the capability of a photodetector, the
sensitivity (Figure 4.5b), defined as (Ilight-Idark)/Idark, 1 was calculated to be 1.1×103% for red (625
nm), 1.6×103% for green (520 nm), 1.9×103% for blue (465 nm) excitation source and 2.6×103%
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for UV (385 nm) light, which is comparable with other reported type II heterostructure
photodetectors based on ZnO/CdS,11 ZnO/ZnS,35 and CdSe/ZnTe core/shell nanowires.39
Moreover, the performance of the photodetector can also be characterized by its
responsivity (R),11 which is defined as
𝑅=

𝐼𝑙𝑖𝑔ℎ𝑡 −𝐼𝑑𝑎𝑟𝑘

(4.1)

𝑃𝑖𝑙𝑙

𝑃𝑖𝑙𝑙 = 𝐼𝑖𝑙𝑙 × 𝐴

(4.2)

Where R is the responsivity, Ilight is the photocurrent of the photodetector under
illumination and Idark is the current in the dark, Pill is the illumination power on the
photodetector, Iill is the illumination density and A is the working area of the photodetector. The
calculated responsivities (Figure 4.5c) of the photodetector under 2 N compressive load are
approximately 8.7 A/W under illumination of red (625 nm) with an intensity of 1.80 ×10 -3
W/cm2, 6.96 A/W under illumination of green (520 nm) with an intensity of 3.24×10-3 W/cm2,
8.57 A/W under illumination of blue (465 nm) with an intensity of 3.0 ×10-3 W/cm2, and 27.1
A/W under illumination of UV (385 nm) with an intensity of 1.32 ×10 -3 W/cm2, respectively,
which are at least one order of magnitude higher compared to reported broad band photodetector
based on type II ZnO/ZnS heterojunction core/shell nanowire array.35 The comparative change in
responsivity is defined as
∆𝑅
𝑅0

(%) =

𝑅𝑙𝑜𝑎𝑑 −𝑅0
𝑅0

× 100%

(4.3)

[10]

Rload is the responsivity with

Where ΔR/R0 is the comparative change in responsivity,

compressive load, and R0 is the responsivity without compressive load. The percentage change in
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responsivity under 2 N compressive load, as shown in Figure 4.5d, is at least three orders of
magnitude higher than that of 0 N compressive load.

4.4.4 Self-Powering Performance of Photodetector

Figure 4.6 The photocurrent response of the device under varying compressive loads at no external bias under (a)
red , (b) green, (c) blue and (d) UV excitation source.

Additionally, the photocurrent response of the photodetector with varying compressive
loads under red (625 nm) excitation source at no external bias is shown in Figure 4.6a. It can be
clearly observed that the photocurrent increases gradually from ~3.4 nA to ~15 nA as the applied
compressive load increases from 0 N to 2 N, and a similar phenomenon can be observed when
the photodetector was measured under green (520 nm) (Figure 4.6b), blue (465 nm) (Figure 4.6c)
and UV (385 nm) (Figure 4.6d) excitation sources.
81

Figure 4.7(a) Energy band diagram of a strain-free type-II ZnO/ZnSe heterojunction before the Ag-coated electrode
contact is made. The solid lines (green and blue) show the bands of ZnSe and ZnO, and the black dashed line shows
Fermi level for both ZnO and ZnSe. (b) Energy band diagram of a strain-free ZnO/ZnSe based photodetector. Agcoated electrode attached to the top of the ZnSe shell promotes Fermi level realignment that induces band bending.
Energy band diagrams of the photodetector (c) under light illumination only and (d) under light illumination and
compressive loads, which leads to a piezopotential-induced band bending.

Figure 4.8 Simulated piezo-potential distribution in ZnO core of a single ZnO/ZnSe core/shell nanowire under (a)
shear mode (uniaxial compression combined with bending), (b) uniaxial compression mode, and (c) bending mode.
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The vertical color gradient represents the distribution of piezo-potential in the interior of ZnO nanowire. This
simulation neglects any piezo-potential contribution from the zinc-blend ZnSe shell.

The mechanism of the strain-induced photoresponse of the photodetector is explained by
piezo-phototronic effect, which is shown in Figure 4.7. Figure 4.7a shows an abrupt type II
energy band alignment of ZnO/ZnSe heterojunction before the Ag-coated top electrode contacts
with the nanowires.[23] Once the Ag-coated top electrode contacts with the nanowires, the net
free electrons transfer from Ag to the shell of ZnSe and ZnO to realign the Fermi level of ZnSe
and ZnO, resulting in slight downward bending of ZnSe and ZnO conduction and valence bands,
as shown in Figure 4.7b. ΔΦ1 and ΔΦ2 represent the hole and electron trap state barriers which
are unfavorable for charge transport and can be tuned by the piezopotential induced in the
interior of ZnO nanowire. When the photodetector is illuminated by excitation sources with
different wavelengths, the electron-hole pairs are generated from indirect type II transition
between the ZnSeVBM (shell) and ZnOCBM (core) (Eg ~1.84 eV) and/or direct band-to-band
absorption in ZnO (Eg ~3.2 eV) and ZnSe (Eg ~2.7 eV), as shown in Figure 4.7c. Upon
compression of the photodetector, there exists the possibility of three elastic deformation
modes,35 as shown in Figure 4.8, for ZnO nanowires: shear mode, uniaxial compression mode,
and bending mode. In consideration of the ZnO nanowire growth on a slightly off-axis oriented
and high length (~5µm)/diameter (~150 nm) aspect ratio, it is believed that most of the ZnO
nanowires undergo shear or compression deformation as shown in Figure 4.8 a and b, which
generated localized negative polarization charges on the top of ZnO nanowires, although a few
of nanowires could be under bending mode (Figure 4.8 c). The shear or compression straininduced localized negative polarization charges in ZnO at the interface between ZnO and ZnSe is
able to bend the edges of valence and conduction bands of ZnO upward to a higher energy state
as shown in Figure 4.7d,3,40 which reduces the effective barrier height between ZnO and ZnSe,
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thus resulting in an increment of the peak photocurrent with external bias, as shown in Figure
4.4. Additionally, the increment of the peak current at no external bias condition, shown in
Figure 4.6, gives the device self-powered photodetection capability.

4.5 Conclusion
In summary, a broad band photodetector (UV/visible) has been successfully integrated
using type II ZnO/ZnSe core/shell heterostructure nanowire array. The photodetector exhibited
strong and stable response to UV excitation source as well as the whole visible spectrum,
particularly from red excitation source to blue excitation source. The absolute sensitivity and the
percentage change in responsivity of the photodetector were enhanced by one and three orders of
magnitude, respectively, owing to the unique type II heterostructure and the piezo-phototronic
effect under applied compressive load. Furthermore, the device displays self-powered
photodetection behavior under UV and whole visible light illumination, which demonstrates a
promising application of ZnO/ZnSe type II core/shell nanowire array in powered and selfpowered UV/Visible photodetection.
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Chapter 5 Piezo-Magnetotronic and Piezo-Photo-Magnetotronic
Effects in ZnO and ZnO/Co3O4 Nanowire Arrays
5.1 Introduction
Recently, multi-property coupling effects based on piezoelectric semiconductors have
generated a profound impact on exploring innovative electronic device applications in
transistors1–4, sensors,5–9 and energy harvesting devices.[10–16] Piezotronic effect is a typical twoway coupling effect between piezoelectricity and semiconductor properties in materials with
asymmetric crystal structure and can be used to convert mechanical energy into electrical energy
or develop novel electronic devices with much enhanced performance through controlling the
transport behavior of charge carriers.17 Based on this phenomenon, piezo-phototronics has been
further proposed by coupling piezotronic effect with photoexcitation to enhance the performance
of optoelectronic devices by modulating the generation, separation, recombination and transport
of photo-induced electron-hole pairs.18 These are the fundamental principle of piezotronics and
piezo-phototronics. On the other hand, it is well-known that magnetic field is widely
implemented in numerous areas,19 such as data storage,20–22

medical diagnostics,23

electromagnetic sensing,24 etc. The various applications of magnetic fields are mainly based on
electromagnetic induction, Hall Effect, magnetostriction, etc. Very recently, several studies on
coupling magnetic fields to piezotronics/piezo-phototronic effects have been reported.1,24–26 For
instance, Wang group proposed a magnetic-induced-piezopotential field-effect transistor on
multilayer structure by coupling magnetic field with the piezotronic effect (piezo-magnetotronic
effect),1 in which the piezopotential inside piezoelectric material was triggered by the
deformation of the magnetic layer when magnetic field was applied, and was used to modulate
the carrier transport of the channel layer. A magnetic-induced-luminescence multilayer device
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was also reported by Hao group through coupling the magnetic field with the piezo-phototronic
effect (piezo-photo-magnetotronic effect).27 The strain generated by the magnetic elastomer
resulted in a piezopotential inside the piezoelectric phosphor composite, which was applied to
control the light emission. It should be noted, however, that the magnetic field in the above
mentioned magnetic-related coupling effects is applied on magnetic layer based on
magnetostriction, and to our best knowledge, there is no report on piezo-magnetotronic and
piezo-photo-magnetotronic effects where the magnetic field is directly applied on piezoelectric
semiconductors to control the charge carrier flow.
In this work, ZnO nanowire (NW) array, as one of most commonly used piezoelectric
materials in the emerging fields of piezotronics and piezo-phototronics,17,28,29 is chosen to
investigate the coupling effects of piezoelectricity, magnetic field and photoexcitation. Electron
flow inside ZnO NW will be affected by Lorentz Force when a magnetic field is engaged
perpendicularly to the NW. By applying an external stress on ZnO NW array, the magneticinduced current responses are much magnified due to piezo-magnetotronic effect. Under UV
light illumination, the current becomes larger when the magnetic field is engaged since magnetic
field is favorable to the separation of photo-induced electron-hole pairs. Moreover, the magneticinduced current response under UV light illumination is further improved by piezo-photomagnetotronic effect. In addition, a ZnO/Co3O4 core/shell heterostructure has also been
investigated and offers a further improvement of the current response in comparison to ZnO
under the same condition.
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5.2 Experiment
5.2.1 Synthesis of ZnO Nanowire Array
ZnO NW array was first synthesized on SiO2 passivated indium tin oxide (ITO) coated
glass substrate (CG801N, Delta Technologies LTD) through chemical vapor deposition in a
three-zone tube furnace (GSL-1400X, MTI Corp.). In brief, the substrate was first cleaned by
sonicating sequentially in acetone, isopropyl alcohol and deionized water, respectively. Second,
Zn powders (99.9%, metals basis, Alfa Aesar) and the cleaned substrate were sequentially placed
at the center zone and the right zone of the furnace. The center zone and the right zone were
heated up to 900 °C and 550 °C at a rate of 10 °C/min, respectively, under a mixed gas of 300
sccm (standard cubic centimeters per minute) Argon flow and 40 sccm Oxygen flow. The
reaction was maintained for 1 hour. The furnace was then cooled down naturally to room
temperature.

5.2.2 Synthesis of ZnO/Co3O4 Core/Shell Nanowire Array
10 mM of cobalt (II) nitrate hexahydrate (Co(NO3)2•6H2O) (98%, reagent grade, SigmaAldrich) and hexamine (HMT) solution were dissolved into 40 mL of deionized water with
molar concentrations and stirred for 1 hour at room temperature. The as-synthesized ZnO NW
array was cut into two pieces. One piece of ZnO NW array was used as control sample, and
another one was put in the nutrition solution, and the solution was heated and maintained at
95 °C for 12 hours as reported previously.30 After synthesis, the substrate was washed with
deionized water and then annealed at 450 °C for 2 hours.

91

5.2.3 Material Characterizations

Figure 5.1 FESEM images of (a) pristine ZnO NWs and (b) ZnO/Co 3O4 core/shell NWs, insets in a and b are the
high-resolution images. (c) TEM image of a single ZnO/Co 3O4 core/shell NW with corresponding (d) SAED pattern
and (e) EDS spectrum. (f) XRD pattern of pristine ZnO NWs and ZnO/Co 3O4 core/shell NWs.

The structural characterization of ZnO and ZnO/Co3O4 NW arrays is represented in
Figure 5.1. It can be seen from the field emission scanning electron microscope (FESEM) image
in Figure 5.1a that the ZnO NWs are randomly grown out with smooth surface and the inset in
Figure 5.1a reveals the hexagonal structure of ZnO NWs with diameter in the range of 150-200
nm. The FESEM image in Figure 5.1b shows that the ZnO/Co3O4 NWs remain similar in size
and density with pristine ZnO NWs and it can be observed from the enlarged FESEM image
(inset in Figure 5.1 b) that the previously smooth surface of the pristine ZnO NWs becomes
rough. The TEM image of a single ZnO/Co3O4 NW in Figure 5.1c demonstrates that the ZnO
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NW is fully covered by the Co3O4 shell with the thickness of ~10 nm. The corresponding SAED
pattern in Figure 5.1d reveals the diffraction pattern of ZnO core and continuous well-defined
diffraction rings of Co3O4 shell, indicating single crystalline nature of ZnO core and
polycrystalline nature of Co3O4 shell. The diffraction pattern of ZnO core confirms that it is well
crystallized with wurtzite structure and grown along c-axis direction. The diffraction rings of
Co3O4 shell can be indexed to (111), (220), (311), (400), (511), and (440) lattice planes of the
cubic structure (space group Fd3m), which is well consistent with the XRD result discussed
below.
In order to further confirm the element composition of ZnO/Co3O4 NWs, Energy
dispersive spectroscopy (EDS) spectrum of a single ZnO/Co3O4 NW was displayed in Figure
5.1e. which reveals the existence of cobalt, zinc and oxygen, and the EDS peaks of carbon and
copper come from TEM sample holder and grid. To investigate the crystallinity and crystal phase
of the pristine ZnO NWs and ZnO/Co3O4 NWs, their X-ray diffraction (XRD) spectra were
recorded in Figure 5.1f. The XRD spectrum of the pristine ZnO NWs exhibits a typical XRD
pattern of the ZnO NWs with high-purity wurtzite hexagonal phase, where a strong and sharp
diffraction peak and several relative weak peaks appear at around 34.4°, 47.5°, 56.6°, 62.8°and
69.1°, respectively, representing (002), (102), (110), (103) and (201) planes of the hexagonal
structure, matching well with standard hexagonal ZnO (JCPDS CARD No. 36-1451).31 This
XRD pattern confirms that the ZnO NWs grow along the c-axis and is in agreement with its
diffraction pattern in Figure 5.1d. The XRD spectrum of ZnO/Co3O4 NWs in Figure 5.1f
indicates a very similar pattern with the pristine ZnO NWs except some weak diffraction peaks
at around 19.0°, 31.3°, 36.8°, 44.8°and 65.2°which are well corresponding to the cubic phase of
the Co3O4 (JCPDS card No. 073-1701), representing (111), (220), (311), (400) and (440) planes,
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respectively.30 This XRD result is also in well agreement with the diffraction rings of Co3O4
shell in Figure 5.1d and confirms the formation of cobalt oxide phase.

5.2.4 Device Fabrication and Measurement Process

Figure 5.2 Schematic illustration of the device fabrication and the measurement process. (a) as-synthesized ZnO or
ZnO/Co3O4 NWs on ITO glass substrate, (b) a ~2 μm PMMA layer was spin-coated onto the NWs, (c) the device was
integrated with Ag-coated top electrode and (d) the device was located on homemade stage where load was applied
on top of the device, UV light was illuminated from the bottom of the device and magnetic field was applied
perpendicularly to the NWs.

In order to support NWs and avoid a possible short circuit between top and bottom
electrodes, a ~2 µm thick layer of PMMA was first spin-coated on ZnO or ZnO/Co3O4 NWs. A
100 nm thick Ag thin film was then sputtered on a polyester film as a top electrode, which has a
unique zigzag morphology and offers an additional NWs-electrode contact area and better strain
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accommodation. The top electrode was attached to the top of the ZnO or ZnO/Co3O4 NWs as
shown in Figure 5.2. The silver-coated top electrode and ITO bottom electrode were connected
to a 2401 source meter (Keithley) through copper leads. The magnetic field was applied
perpendicularly to NWs, and the force was applied on top of the device on the platform of a
motorized test stand (Mark-10, ESM301L).

5.3 Results and Discussion
5.3.1 Piezo-Magnetotronic Effect
Before evaluating the coupling effect between magnetic field and piezotronic effect, the
ZnO NW array was first tested under magnetic field. The current-voltage (I-V) characteristics are
illustrated in Figure 5.3a. The rectifying property of the I-V curves indicated that a Schottky
barrier was formed between ZnO NWs and Ag electrode. It can be observed that the peak
currents of ZnO decreased from 3.0 µA to 2.1 µA as the external magnetic field increased from 0
to 180 Gauss (G). A part of the free electrons inside ZnO NWs were forced to move toward the
surface of ZnO NWs due to Lorentz Force, hereby forcing a part of free electrons to gravitate
toward the surface of ZnO NWs due to Lorentz Force caused by the magnetic field. According to
oxygen-related electron-trap filling mechanism,32 the electrons were trapped by the surface
defects or adsorbed by oxygen ions in air as presented in region I of Figure 5.3f, therefore, the
number of free electrons was reduced , resulting in an increment of the resistance of ZnO NW.
Besides, the electron accumulation at the ZnO NW surface generated a depletion region near the
surface of ZnO NWs, which further increased the resistance of ZnO NWs. It should be noted that
the peak current of ZnO is inversely proportional to the magnetic field strength, because the
number of the trapped/accumulated electrons at the surface of ZnO NW become larger as the
magnetic field strength increased, resulting in a decrement of the conductivity of NW. In order to
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investigate the coupling effect between piezotronic effect and magnetic field, the ZnO NW array
was measured with stresses from 0.5 N to 1.5 N as indicated in Figure 5.3 b, c and d. It can be
observed that the peak current significantly increased with an increment of the stress due to
piezotronic effect. According to a previous report,33 potential barrier height modulation generally
makes more significant contribution to current response than depletion layer modulation,
therefore, we believe that the enhancement of the peak currents is mainly due to the straininduced piezopotential inside ZnO NWs (region II of Figure 5.3f). When the force was applied to
the NW, the NW was bent due to its randomly growing direction and then the strain-induced
positive piezopotential was generated at the surface of ZnO NW which lowered the Schottky
Barrier Height (SBH) between ZnO and Ag, resulting in a significant increment of the peak
current. The magnitude of the piezopotential is dependent on the degree of mechanical
deformation, thus highest peak current is gained at 1.5 N stress, and the peak currents with 1.5 N
stress in both the absence and presence of magnetic field are at least one order of magnitude
higher than that with 0 N stress. The piezotronic effect enhanced peak currents also decreased by
applying a magnetic field. The magnetic-induced peak current differences (∆𝐼 = 𝐼𝐵 − 𝐼0 , where
𝐼𝐵 and 𝐼0 are the peak currents with and without magnetic field, respectively) of ZnO NWs with
different magnetic field strength and stresses are summarized in Figure 5.3e, and it can be
observed that the peak current differences are magnified as the magnetic field strength and stress
increased. The absolute peak current difference (10.1 µA) with 1.5 N stress is 10 times larger
than that (0.9 µA) with 0 N stress, which demonstrates that the piezo-magnetotronic effect can
enlarge the magnetic-induced current response.
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Figure 5.3 I-V characteristics of ZnO NWs device under (a) 0 N (b) 0.5, (c) 1 and (d) 1.5 N stress. (e) The summary
of the peak current difference of the device under various stresses. (f) Schematics of energy bands alignment and
electron movement under magnetic field which is directed perpendicularly out of the screen.

To further demonstrate the piezo-magnetotronic coupling effect and improve the
magnetic-induced current response, we designed further experiments by fabrication of the
ZnO/Co3O4 core/shell NW array. Figure 5.4a illustrates the I-V curves of ZnO/Co3O4 NW array
in absence of stress under magnetic field. Compared to the I-V curves of ZnO device in Figure
5.3a, it can be observed that the magnetic-induced peak currents of ZnO/Co3O4 decreased from
9.9 µA to 4.8 µA as the magnetic field increased from 0 to 180 G. The absolute peak current
difference (5.1 µA) is 5 times larger than that (0.9 µA) of ZnO because of the precipitation of
Co3O4 and its rough surface, which created crystallographic defects at the ZnO/Co3O4 interface
due to the lattice mismatch between the two materials, and provided preferential adsorption site
for oxygen molecules (region I of Figure 5.4f), compared to the smooth surface of ZnO NWs.
The ZnO/Co3O4 NW array was then measured with different stresses from 0.5 N to 1.5 N
exhibited in (Figure 5.4b, c and d). Corresponding to potential barrier height modulation, when
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the force was applied to the core/shell NWs, the core ZnO NWs were bent and the strain-induced
positive piezopotential lowered the SBHs of ZnO/Co3O4 and Co3O4/Ag (region II of Figure 5.4f)
which resulted in a large increment of the peak current of ZnO/Co3O4 NW array. When it’s
measured under magnetic field, more electrons were forced by the magnetic field to move
towards the surface resulting in a large decrement of peak currents. All the peak current
differences of ZnO/Co3O4 NW array are summarized in Figure 5.4e, and it can be seen that the
absolute peak current difference (91.8 µA) of ZnO/Co3O4 NW are 9 times larger than that (10.1
µA) of ZnO NW array under the same conditions due to the significant increment of current the
core/shell structure, which proves the core/shell heterostructure is capable of enhancement of the
magnetic-induced current response.

Figure 5.4 I-V characteristics of ZnO/Co3O4 NWs device under (a) 0 N (b) 0.5, (c) 1 and (d) 1.5 N stress. (e) The
summary of the peak current difference of the device under various stresses. (f) Schematics of energy bands
alignment and electron movement under magnetic field which is directed perpendicularly out of the screen.
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5.3.2 Piezo-Photo-Magnetotronic Effect

Figure 5.5 I-V characteristics of ZnO NWs device under UV illumination and (a) 0 N (b) 0.5, (c) 1 and (d) 1.5 N
stress. (e) The summary of the peak current difference of the device under various stresses. (f) Schematics of energy
bands alignment and electron movement under magnetic field which is directed perpendicularly out of the screen.

In order to investigate the coupling effect between magnetic field and piezo-phototronic
effect, the ZnO NW array was measured under magnetic field and UV light illumination (Figure
5.5a). The peak current (102 µA) under UV light illumination is 35 times higher than that (3 µA)
without UV light illumination because a massive number of photo-induced electron-hole pairs
were generated inside ZnO NWs and a part of photo-induced holes migrated to the surface of
ZnO NWs and detached the adsorbed oxygen ions from the ZnO surface, and therefore the
unpaired and released electrons further increased the conductivity of ZnO NWs with a decrement
of the width of depletion layer as shown in region I of Figure 5.5f. Surprisingly, the peak current
of ZnO NW array increased from 102 µA to 132 µA under UV illumination as magnetic field
increased from 0 to 180 G. This opposite magnetic-induced peak current trend might be mainly
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due to the following two effects: a part of electrons migrated to the surface of NW due to Lorentz
Force when the current flowed along the NWs, which has a negative effect on the conductivity of
NW. On the other hand, magnetic field is favorable to the separation of photo-induced electronhole pairs and unfavorable to the recombination of electron-hole pairs, which prolongs electron
lifetime and has a positive effect on the conductivity of NW. This positive effect makes a much
larger contribution than the negative effect to the current response of the device34 (region II of
Figure 5.5f), resulting in an increment of the peak current as the magnetic field increase. The
ZnO NW array was also measured under different stress of 0.5, 1, and 1.5 N and the typical I-V
curves are shown in Figure 5.5 b, c and d. It can be seen that the peak current increased when a
stress was applied because the strain-induced positive piezopotential decreased the SBH between
ZnO and Ag (region III of Figure 5.5f). The peak current also increased as the magnetic field
increased. All peak current difference results are summarized in Figure 5.5e. The peak current
difference is proportional to the magnetic field strength with/without stress and the absolute
largest peak current difference (146 µA) of ZnO NWs is magnified at least two orders of
magnitude by piezo-photo-magnetotronic effect compared to the peak current difference (0.9 µA)
of ZnO NWs under magnetic field, which demonstrates the piezo-photo-magnetotronic effect can
further enhance the magnetic-induced current response.
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Figure 5.6 I-V characteristics of ZnO/Co3O4 NWs device under UV illumination and (a) 0 N (b) 0.5, (c) 1 and (d)
1.5 N stress. (e) The summary of the peak current difference of the device under various stresses. (f) Schematics of
energy bands alignment and electron movement under magnetic field which is directed perpendicularly out of the
screen.

On the other side, the coupling effect between magnetic field and piezo-phototronic
effect was also investigated on ZnO/Co3O4 NW array. The ZnO/Co3O4 NW array was measured
under UV light illumination with 0, 0.5, 1 and 1 N and the I-V curves are shown in Figure 5.6a, b,
c and d, respectively. The peak current of ZnO/Co3O4 NW array under UV illumination is much
larger than that of ZnO NW array under UV illumination due to small band gap of Co 3O4 (~2.3
eV) and core/shell heterojunction. When it’s measured under UV light illumination, photoinduced electron-hole pairs were generated inside ZnO NWs, Co3O4 NWs and at the interface
between ZnO and Co3O4 (region I of Figure 5.6f), resulting in a large increment of the current.
Moreover, the core/shell heterostructure is beneficial to the separation of electrons and holes into
different spatial regions, further increasing the amount of free electrons. These synergistic effects
resulted in a significant increment of the amount of free electrons and the peak current of the
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ZnO/Co3O4NW array. When it’s measured under magnetic field, more electrons were affected by
Lorentz Force (region II of Figure 5.6f), resulting in a larger magnetic-induced peak current
difference in comparison to ZnO. When stress was applied on NWs, the peak current increased
significantly since the strain-induced positive piezopotential inside ZnO NWs lowered the SBHs
of ZnO/Co3O4 and Co3O4/Ag shown (region III of Figure 5.6f), which resulted in additional
electrons movement to the surface of ZnO NWs, and therefore gave rise to a larger peak current
difference. Figure 5.6e summarized all the peak current differences of ZnO/Co3O4 NW array
which demonstrates that the peak current difference increases as the stress and magnetic field
strength increases, and the increment is proportional to the stress and magnetic field strength.
The largest peak current (471 µA) of ZnO/Co3O4 NWs based on piezo-photo-magnetotronic
effect is gained at 1.5 N and 180 G, which is 3 times larger than the peak current (146 µA) of
ZnO NWs device under the same condition.

5.4 Conclusion
In summary, ZnO NWs and ZnO/Co3O4 core/shell NW arrays have been used to explore
the piezo-magnetotronic and piezo-photo-magnetotronic coupling effects. As magnetic field was
applied, the current response decreased, and the peak current difference was magnified by at
least one order of magnitude through employing a stress due to piezo-magnetotronic effect.
Under UV light illumination, the current response increased with increase of magnetic field
strength because magnetic field is favorable to the separation of photo-induced electron-hole
pairs. Their absolute magnetic-induced peak current differences are boosted by two orders due to
piezo-photo-magnetotronic effect. In addition, a further improvement of the magnetic-induced
current responses based on ZnO/Co3O4 core/shell heterojunction was achieved because the
core/shell structure is favorable to the separation of photo-induced electron-hole pairs resulting
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in a large increment of the peak current. The results in this work demonstrate potential
applications in next generation of self-powered multi-functional devices based on piezomagnetotronic and piezo-photo-magnetotronic effects.
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Chapter 6 Concluding Remarks
The main goal of this work was to investigate the multi-property coupling effects among
piezoelectricity, photoexcitation, magnetic field and semiconductor properties based on three
dimensional II-VI semiconductor nanowire arrays and to develop self-powered multi-functional
sensors based on the piezotronic, piezo-phototronic, piezo-magnetotronic and piezo-photomagnetotronic effects. Herein, ZnO and CdSe nanowire arrays have been chosen as the
piezoelectric materials to power the sensors.
Through coupling the piezotronic and gas sensing properties of II-VI semiconductors,
self-powered gas sensors based on ZnO/SnO2, ZnO/In2O3, ZnO/WO3 core/shell heterostructures
and CdSe NW arrays have been proposed in Chapter 3. ZnO and CdSe nanowire arrays can
convert mechanical energy into electricity to power the sensors as well as detect the target gases.
These active gas sensors can detect oxidizing gas and reducing gas at ppm or ppb level
with/without any power supply. This innovative type of conceptual design opens a new direction
for the development of the next generation of self-powered sensors and expands the scope of
self-powered nanosystems.
A ZnO/ZnSe heterostructure core/shell nanowire array UV/visible photodetector based
on piezo-phototronic effect has been demonstrated in Chapter 4. Piezo-phototronic effect is a
three-way coupling effect among piezoelectricity, photoexcitation and semiconductor properties,
which is able to be used to enhance the performance of optoelectronic devices by modulating the
generation, separation, recombination and transport of photo-induced electron-hole pairs. This
photodetector can detect the entire range of the visible spectrum as well as UV light, and its
performance is largely enhanced by piezo-phototronic effect. Furthermore, the photodetector can
detect UV and visible light without any power supply. This experiment offers an approach to
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expand the photo detection range by using type II heterostructure core/shell nanowire array in
both powered and self-powered conditions.
The multi-field coupling effects among magnetic field, piezoelectricity and
photoexcitation have been investigated in ZnO and ZnO/Co3O4 nanowire arrays in Chapter 5.
The magnetic-induced current response of ZnO nanowire array declined with decrement of
magnetic field, and was magnified by one order of magnitude through applying an external stress
due to piezo-magnetotronic effect. In contrast, the current response under UV light illumination
increased as magnetic field increased. The current response is further enhanced by at least two
orders

due

to

piezo-photo-magnetotronic

effect.

Furthermore,

ZnO/Co3O4

core/shell

heterojunction was employed to improve the current responses up to 9 times and 3 times, under
piezo-magnetotronic and piezo-photo-magnetotronic engagements, respectively, attributed to the
improved charge carrier separation and transportation at the core/shell interface. This study not
only explores the concept of piezo-magnetotronic and piezo-photo-magnetotronic effects, but
also demonstrates great potential of piezoelectric-related multi-property coupling effects in
applications of multi-functional devices.
In summary, this dissertation studied the piezoelectric-related multi-property coupling
effects on semiconductor materials and explored potential applications based on these coupling
effects. The piezoelectric-related multi-property coupling effects have been investigated in three
dimensional II-VI semiconductor nanowire arrays. The applications as self-powered/multifunctional sensors, such as self-powered gas sensor, self-powered photodetector and multifunctional sensors, have also been demonstrated. The design concept of self-powered system and
multi-functional devices based on piezoelectric-related coupling effects is quite significant in
developing next generation of multi-functional sensors with self-powered properties.
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